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SUMMARY 


This investigation was an assessment of the potential of liquid methane 
as an alternate fuel for subsonic commercial transport aircraft. This study 
is the fifth of a series which follows those shown as References 3, 4, 5 
and 6 which investigated the use of liquid hydrogen as a cryogenic fuel. The 
base line LH 2 and Jet A transports developed in the referenced series of 
reports have been brought forward into this study so that a comparison of the 
technical benefits and performance of all three alternate fueled aircraft 
could be presented as in table 1. 

Other specific technical purposes of this work were: 

• To determine a suitable methane fueled aircraft configuration 
(Sections 3 and 4) 

• Provide a concept and structural analysis of methane cryogenic fuel 
tanks (Section 5). 

• Establish a fuel system configuration and its functional require- 
ments (Sections 6 and 7). 

• Screen the most likely fuel tank insulation materials and analyse 
the best candidate system (Section 8). 

• Determine the airport ground facility requirements for the lique- 
faction, storage and distribution of methane and estimate the capital 
investment and annual operating costs (Section 9). 

The potential of subcooling the liquid methane to reduce fuel losses, 
reduce tank insulation weight and to favorably influence DOC is discussed in 
four parts: 

• Section 4.3 - The effect on aircraft weight and DOC. The fuel cost 
contained in this DOC was assigned by NASA at the beginning of the 
study. 

• Section 8.3.3 - Subcooling as a variable in the thermal analysis of 
the tank insulation system. 

• Section 9.5 - Subcooling as a factor in the capital and operating 
costs of the airport liquefaction, storage and distribution 
facilities. 

• Section 11 - Conclusions Regarding subcooling. 

The net result of these investigations is that the cost of subcooling 
outweighs the aircraft DOC benefits by a factor of 2 to 1 and, therefore, it 
has not been incorporated into the airplane design. This latter DOC in- 
cludes the fuel cost to the airline as loaded aboard the aircraft. It 
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TABLE 1. - SUMMARY OF STUDY RESULTS 
{All aircraft cruise at Mach 0.85 with 2438 m (8000 ft) TOFl and 250 km/hr (135 knots) approach speed) 


Wing loading 
Thrust /Weight 
Gross Weight 


#«- 'T 1 


Short Range 
130 pu 

2771 km (1500 n.rni.) 


Medium Range 
200 pee 

5558 km (3000 mm.) 


Medium Range 
400 pea 

5556 km <3000 n.mi.) 

LCH* I J#IA 


Cents Cents 
Seat km Seat n.m 


Thrust Weignt N I ) 

kg 

Grots Weight kg (id) 


M29 1.040 1.074 
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includes the methane plant's current operating costs experienced by the 
supplier as well as his long term amortization of the initial capital 
investment. 


Other major conclusions of the study are: 

• Methane is competitive as an alternate fuel in all major performance 
factors such as DOC, gross weight, initial cost and energy 
utilization. 

• The mission range in which methane is competitive is, however, 
limited to ranges of 2778 km (1500 n.mi.) to about 10 186 km 
(5500 n.mi.). Neither LCH^ nor LH 2 are competitive with Jet A at 
the shorter ranges. At the very long ranges, i.e., above 10 186 km 
(5500 n.mi.), methane becomes noncompetitive to both Jet A and Ll^. 
The advantages of LH 2 in terms of DOC, weight, cost and energy 
utilization become even more pronounced at very long ranges. 

• The best fuel tank location for the LCH^ fueled airplane was found 
to be fore and aft of the cabin in the fuselage as it was in the LH 2 
aircraft studied previously. 

• The cryogenic tanks for LCH^ were found to be producible by present 
methods using an all welded structure of 2219 aluminum. 

• Considerations of safety, design complexity and maintenance weighed 
as heavily in the choice of the LCH^ aircraft configuration as did 
the major performance factors. 

• The present public controversy about the. safety of LNG shipment, 
storage and handling bears directly and with equal emphasis on the 
production and distribution of liquid methane at air terminals. It 
is unlikely, under presently proposed legislation, that the storage 
of large quantities of liquid methane would be permitted at airports. 

• If the question of safety can be satisfactorily resolved, there are 
no technical barriers in the design of the ground system or of the 
airplane that would prevent the use of methane as an alternate fuel. 


• The cost of LCH, delivered in the aircraft tanks amounts to: 
4 


$ per 10^ Btu 
(1 976 dollars) 


Gaseous CH^ feedstock 3.000 

1600 km pipeline transport 0.500 

Liquefaction at airport 1.22 

Storage and distribution at airport 0.79 

Delivered cost = 5.51 
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1 . INTRODUCTION 


The potential of methane as an alternate aircraft fuel has long been 
recognized. The purpose and motivation of this study comes from recognition 
that the world's supply of petroleum is being depleted and that after the 
year 2000 world production is expected to drop off. Figure 1 illustrates two 
estimates of the anticipated annual world production (Reference 1) with an 
overlay of time spans typical of the life cycle of a large transport aircraft. 
For reference, annual production of oil in the United States is shown with its 
peak occurring in 1970. The extensive overlap of the aircraft operational 
service beyond the peak of production of even the optimistic. projection of 
world crude oil indicates that the search for the most desirable alternate 
fuel for transport aircraft must be undertaken vigorously in order to be ready 
for the inevitable decline in the availability of petroleum-based Jet A fuel. 

The recoverable fraction of proven world reserves of the three most 
abundant natural fuels is, as of December 1977 (Reference 2) estimated to be: 

Coal 18.3 to 19.7 x 10 21 J (17.4 to 18.7 x 10 18 Btu) 

Petroleum 3.26 to 4.00 x 10 21 J (3.09 to 3.8 x 10 18 Btu) 

Natural Gas 2.41 to 2.82 x 10 21 J (2.29 to 2.68 x 10 18 Btu) 

This study is predicated upon the assumption that large scale processing 
facilities are set up for producing methane using coal as a basic resource. 

The methane would be processed, stored, and distributed in a manner described 
in Section 9 which was provided specifically for this study by the Institute 



Yejrs 

Figure 1« — Cot relation of a lie cycle of new transport aircraft 
with forecasts of oil availability. 




of Gas Technology, Chicago, Illinois, under subcontract. Similarly, the 
analysis of fuel tank insulation systems and associated analyses were per- 
formed for this study by the Thermal Sciences Laboratory at Lockheed Missiles 
and Space Company, Inc., Palo Alto, California. 

The results of the work reported in References 3 and 6 showed that LH 2 
fueled aircraft provide significant advantages in mid-range and long range 
aircraft. Specifically, as the range was increased above 2778 km (1500 n.ml.) 
the advantage of the LH 2 fueled aircraft gained rapidly in major factors such 
as gross weight, DOC, runway required and energy utilization, relative to 
Jet A. The conclusion was that the more energy required for a mission 
(payload/range), the greater the advantage for a high energy fuel such as L^. 
Even though the fuel volume requirements were much higher for L^ because or 
its low density, the resulting aircraft was still smaller in span and gross 
weight and had better energy utilization at the greater payload/ranges. 


The principal significance of methane as a cryogenic fuel is also in its 
heating value and density relative to other fuels, see table 2 . On a weight 
basis, as a first approximation, a hydrogen fueled airplane is favored over 
a methane aircraft by the ratio of the gravimetric heating values, i.e.: 


51 590 
21 500 


2.40 


But on a fuel volume basis, methane is favored by the ratio: 


567 600 
227 040 


2.50 


These considerations, plus indications that liquid methane might be 
produced from coal at a lower price and with less expenditure of energy 
than either LH2 or synjet, led to the interest in performing this study of 
LCH4 fueled aircraft. 


TABLE 2. - PROPERTIES OF CANDIDATE FUELS 



Jet A 

Methane LCH^ 

Hydrogen LH 2 

Nominal Composition 

C 1 2.1 9 H 23.51 

ch 4 

»2 

Molecular Weight 

=*170 

16.04 

2.016 

Heat of Combustion 




Gravimetric, MJ/kg (Btu/Ib) 

42.8(18400) 

50.0 (21 500) 

119.9 (51 590) 

Volumetric, GJ/m^ (Btu/ft^) 

35.3 (949 440) 

21.1 (567 600) 

8.44 (227 040) 

Liquid Density, kg/m^ (Ib/ft*^) 

827 (51.6) 

422 (26.36*) 

70.8 (4.42*) 

Boiling Point at 1 Atmosphere, °C (° F) 

171 to 287 (339 to 513) 

-161 (-258) 

-253 (-423) 

Freezing Point, °C (°F) 

-50 (-58) 

-182 (-296) 

-259 (-434) 

Specific Heat, J/kg/°K (Btu/lb/°F) 

1966 (0.47) 

3497 (0.836*) 

9663 (2.31*) 

Heat of Vaporization, kJ/kg (Btu/Ib) 

295 (127) 

530 (228) 

446(192) 

*At Normal Boiling Point 
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NOMENCLATURE 


Ae a Effective Cross Section Area 

AR ■ Aspect Ratio 

ATA = Air Transport Association 

b ■ Span or Spacing 

c^ • Section Drag Coefficient 

C.G. ■ Center of Gravity 

c * Section Normal Force Coefficient 
n 

C * Pressure Coefficient 
P 

CPR - Cycle Pressure Ratio 

DOC - Direct Operating Cost 

FAR =» Federal Aviation Regulation 

Fg =» Residual Strength 

f ■ Fuel Evaporated in Flight 

f - Fuel Vented in Flight 
mv ° 

F =» Ultimate Tensile Strength 
g - Acceleration of gravity 
gM^ =» Fuel vented on the ground (recoverable) 
GH2 ~ Gaseous Hydrogen 
GCH^ =* Gaseous Methane 
GN2 = Gaseous Nitrogen 
HHV = Higher Heating Value 
h = Liquid Pressure Head 
HP =* High Pressure 
IOC = Initial Operating Capability 
Jet A = Conventional Hydrocarbon Jet Fuel 



K 

o 

L/D 

lch 4 

LH 2 

LHV 

LP 


M, M 


“d 

MAC 

M.S. 



OEW 

pax 

PLA 

PPO 

P P 

lim ULT 

q 

R 

s 

SFC 

SLS 

TOFL 

t . 
i 


Stress Intensity Factor 
Lift to Drag Ratio 
Liquid Methane 
Liquid Hydrogen 
Lower Heating Value 
Low Pressure 

Structural Bending Moment 
Mach Number 
Design Mach Number 
£ = Mean Aerodynamic Chord 
Margin of Safety 
Insulation System Weight 
.Inertial Load Factors 
Operating Empty Weight 
Passengers 

Positive Low Angle of Attack 

Polyphenylene Oxide 

Limit or Ultimate Load or Pressure 

Tangential Shear Flow (Stress) 

Thermal Resistance 

Wing or Tail Surface Area 

Specific Fuel Consumption 

Sea Level Static (Thrust) 

Takeoff Field Length 
Insulation Thickness 



t * Wall or Skin Thickness 
s 

TOFL = Takeoff Field Length (FAA) 

** Design Maneuver Speed 
V c = Design Cruise Speed 
Vp = Design Dive Speed 

V = Horizontal Tail Volume Coefficient 

n 

V g = Stall Speed 

V » Vertical Tail Volume Coefficient 
v 

V MC - Minimum Air Control Speed 
L Air 

W = Uniform Structural Load 


W/S 

X/C 

e 

Y 

P 

Z 


Wing Loading = 


Aircraft Weight 
Wing Area 


Chordwise Position in Tenths 


Emissivity 

Reinforcement Efficiency 

Liquid Density or Least Radius of Gyration, 
I/C = Section Modulus 


1. TECHNICAL APPROACH 

The study had five major objectives for determining the potential of 
methane as a fuel for commercial transports. They were: 

• Define the cost, performance, and energy consumption of a commercial 
transport using liquid methane. 

• Define the cryogenic fuel system including the tanks. 

• Determine the ground facility complex required and the costs 
associated with an airport supplying methane for a number of aircraft. 
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• Compare Jet A, hydrogen, and methane-fueled aircraft on the basis of 
performance, cost, and energy consumption. 

• Define the research and technology advances required to implement the 
use of methane in commercial transports. 

To attain these objectives the work was divided into two parts and a 
total of five phases. 


1.1 Part One 

1*1«1 Phase 1: Aircraft design and configuration studies. - Three candidate 

methane-fueled configurations were selected for preliminary design and. evalua- 
tion. The bases of the configuration choices were the widest possible range 
of fuel-tank shapes and locations and determination of their effectiveness 
as cryogenic fuel containers. All three were evaluated on the basis of L/D, 
weight, cost, DOC, and safety. Safety and operational aspects weighed heavily 
in the final choice. 

From these three, one configuration was chosen and, with the concurrence 
of NASA, carried forward for completion of the study. The design payload/ 
range for this airplane was 400 passengers/10 186 km (5500 n.mi.) at 0.85 
cruise Mach number which correlates to a previous study of Jet-A- and hydrogen- 
powered aircraft in reference 3. 

1.1.2 Phase 2: Aircraft fuel system design. - The previous work done on 

hydrogen fuel systems (reference 4) was taken as the baseline design and 
modified for the differences in temperature, density, and heating values as 
related to methane. Structural design and producibility and stress analyses 
were carried out on the chosen tank configuration. An optimum insulation 
scheme and the effects of subcooling the methane were also investigated. 

1.1.3 Phase 3: Airport requirements. - The airport methane processing, 

storage, and fueling facility requirements were based on San Franciso 
International Airport (SFO) as an operating site. The quantities of methane 
required were based on the traffic projections in reference 5. The cost and 
implications of providing subcooled fuel to the aircraft were included. 

1.1.4 Phase 4: Comparative evaluations. - The 10 186 km (5500 n.mi.), 

400 passenger, Mach 0.85 methane-fueled aircraft was compared with the 
equivalent LH 0 and Jet A aircraft as reported in references 3 and 4. It was 
necessary to update the referenced aircraft because of changes which had been 
made in the Lockheed computer program (ASSET) , used to synthesize and eval- 
uate aircraft performance since the original work was done in 1974-75. In 
addition, changes had been made to some of the guidelines (refer to sec- 
tion 4.2). The basis of comparison was safety, cost, DOC, performance, and 
physical parameters. 
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Subjects for research and technology development were recommended for 
deficient areas relative to the fuel system and the aircraft. 


1.2 Part Two 

1.2.1 Phase 5; Extend the methane design study to four additional design 
ranges. - At about the midpoint of the initial work in the first four-phases, 
which were for a 400-passenger 10 186 km (5500 n.mi.) airplane, NASA extended 
the contract work statement to include aircraft designs encompassing all the 
payload/range combinations which had been evaluated in references 3 and 6. 

This would provide data for a family of methane transports equivalent in 
range, payload, and speed to the Jet A and LH_ transports, derived in 1974 
to 1975. z 

No further work on cryogenic fuel systems, configurations, or airport 
facilities was required for the additional aircraft. The basis for the 
methane configuration geometry was to be kept identical to the Jet-A- and 
LH2~fueled aircraft except for the physical differences dictated by the 
density and heating values of methane as a fuel. The additional work provided 
for a final matrix of airplanes as presented in table 3: 

The extended scope then updated the technology and cost factors of the 
previous LH^ and Jet A designs from the 1974-75 studies and four new methane 
design ranges to complete the matrix of three types of differently fueled air- 
craft at five payload/ranges (table 4). 


TABLE 3. - EXTENDED MATRIX OF METHANE TRANSPORTS 


(All aircraft cruise at Mach 0.85) 


Passengers 
Range, km (n.mi) 

ICH4 

JET A 

lh 2 

130 

2780(1500) 

Added 



200 

5560 (3000) 

Added 

Update Previous Studies 
of 1974 ^ 75 

Update Previous Studies 
of 1974- 75 

400 

5560 (3000) 

Added 

400 

10 186 (5500) 

Basic Design 



400 

18 530 (10 000) 

Added 
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TABLE 4. - BASIC GUIDELINES FOR DESIGN OF METHANE, HYDROGEN 
AND JET A AIRCRAFT 


IOC 1990 - 1995 
Advanced Technologies: 

• Supercritical aerodynamics 

• Composite materials - 50% of airframe structure by weight replaced by composite materials. 

• Active controls 

Advanced engines: 

• Contractor-derived performance for methane, hydrogen and Jet A engines. 

Performance Requirements: 

• 32.2°C (90° F) day at 304.8 m (1000 ft) for takeoff and landing calculations. 

• Engine-out climb gradient £ 0.024 for two engine aircraft and £ 0.03 for four engine. 

• Initial cruise altitude £10 363 m (34 000 ft) for all 

9 TO FL and Approach Speeds (all aircraft types) as follows: 

■ All Aircraft cruise at Mach 0.85 

SI UNITS 


Passengers 


Range (km) 



TOFL (ft) 

APP Speed (knots) 


Safety: Equal to or better than current transports. 


0 
135 
Also: 

10 500 
140 


Other Criteria: Meet all applicable requirements of FAR 25. 

OOC Factors: 

• Utilization Rate 

Short Range, 2778 km (1500 n.mi) - 3300 hrs/yr 
Medium Range, 5556 km (3000 n.mi) - 3600 hrs/yr 
Long Range, 10 186 km (5500 n.mi) — 4000 hrs/yr 
Very Long Range, 18 520 km (10 000 n.mi) - 7000 hrs/yr 

• 1967 ATA Equations - as modified per reference 4. 

• 1976 dollars 

• 350 aircraft production base 

• Fuel costs 

LCH 4 = $3.79 per GJ ($4 per Btu) 

Jet* A = S4.74 per GJ ($5 per IQS Btu) 

LH 2 = S5.69 per GJ ($6 per 106 Btu) 


Note: The very long range mission, 18 520 km (10 000 n.mi), is actually a 9260 km (5000 n.mi) radius to a 

landing and return to the point of origin unrefueled with full payload and reserve fuel at the second 
landing. 






















2. AIRCRAFT TECHNOLOGY DESCRIPTION 

This study is a follow-on to work that was started on hydrogen-fueled 
subsonic aircraft in 1974 and this report on methane as a cryogenic fuel 
follows those shown as references 3 through 6. Taken collectively, those 
five studies represent an investigation into nearly every aspect of advanced 
alternate fueled aircraft design, such as: 

• Aircraft configurations 

• Fuel tank concepts 

• Cryogenic insulation concepts 

• Fuel system design 

• Aircraft operating costs 

• Airport requirements for processing and storage including facility 
costs 

• Detailed design and stress analysis of cryogenic aircraft tanks 

• Producibility of tank designs 

• Major aspects of safety. 

Each succeeding study had the advantage of the previous work as a founda- 
tion and many detailed investigations could be eliminated, as in the present 
case for the methane airplane where no optimization process was undertaken 
for wing sweep, taper ratio, aspect ratio, or thickness ratio since that work 
was previously done in references 3 and 6 and those values are adopted here. 
The technology and computational methods used in establishing the aerodynamics 
of the LCH 4 airplane must be the same as for the LH 2 and Jet A designs to keep 
comparisons valid, except for any changes that are dictated by the nature of 
LCH 4 itself. The fuel volume required for methane differs greatly from LH« 
or Jet A for example, because its density and heating value are greatly 
different. The methane fuel tank insulation thickness is much less and 
therefore, much lighter than for liquid hydrogen because hydrogen is 91.7°C 
(165 F) colder. A consistent approach to the study was a matter of first 
priority throughout, especially in the matter of making comparisons. 


2.1 Aerodynamics 

2.1.1 Technology level .- The early work done in 1974-75, and cited in 
reference 3 and 6, was done on the basis of the original Whitcomb findings on 
supercritical airfoils. Since 1977 preliminary design analyses for advanced 
aircrar t at Lockheed used drag estimation procedures based on a more recent 



series of wind tunnel tests. That technology level has been designated by 
Lockheed as "Advanced Potential." The data base includes the representation 
of a reasonably broad series of configurations rather than just one or two 
isolated tests. These data are provided in NASA TM X-71996. Reference 100. 
Recently Lockheed completed tests on two wings designed to the same concept 
which confirmed the trend and, indeed, indicated slightly lower drag than 
achieved in the NASA tests when related to equivalent wings. 

The use of the advanced potential method of drag estimation results in 
significant improvement in airplane lift/drag relative to the advanced tech- 
nology estimation procedure previously employed. This improvement is accom- 
plished by changing only wing section contours while maintaining the same 
basic airplane geometry (identical airplane component areas and thickness, 
aspect, and taper ratios). 

The drag reduction accompanying the improved lift/drag is explained as 
follows. The advanced technology airfoil sections promulgated by Dr. Richard 
Whitcomb and others a few years ago provided a respectable delay in the onset 
of compressibility drag (approximately Mach 0.045) compared to drag data on 
wings of aircraft then in production. However, tests of the advanced tech- 
nology wings (using the same basic geometry) showed considerable drag in- 
crease, particularly as the steep portion of compressibility drag rise was 
approached. 

Efforts by Whitcomb and coworkers were then directed toward section con- 
tour modifications which would reduce this undesirable drag. This work 
resulted in the advanced potential family of airfoil sections which have much 
less additional drag, although a somewhat steeper drag rise Mach number is 
given up (about 0.015). These airfoils accomplish the drag reduction by means 
of a flatter "roof-top" pressure distribution as shown in figure 2, compared 
to the "saddle-back" distributions of the earlier advanced technology sections 
The drag reduction shown in figures 3 and 4 is made possible by the lower 
pressure peaks accompanied by the lighter shocks as the flow advances into the 
supercritical regime. 

A significant difference between the current and advanced potential air- 
foils is the use of more aft camber to provide a lower drag. This increase in 
aft chordwise loading produces substantial increases in pitching moment 
coefficients (up to an increase of -0.1) which must be trimmed by an increased 
down load on the horizontal tail. This could produce an objectionable drag 
penalty with earlier aircraft designs having typically forward center of 
gravity (0.12 to 0.35 c). The trim losses are minimized by designing tail 
surfaces to permit more aft center of gravity (0.185 to 0.435 c) . Use of 
active controls allows an aft center of gravity with minimum increase in 
horizontal tail size. 

The solution to the situation of having the LH 2 and Jet A designs of 
1974-75 at an older technology level relative to the LCH^ designs was to bring 
them all up to date, and that has been done. Those results are presented in 
table 1. 
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2,1 I?. I?il sizing requirements.- The horizontal and vertical tail volume 

coefficients with the corresponding center of gravity limits were established 
as follows: 


Forward center of gravity limit = 0.185 c 
Aft center of gravity limit - 0.435 c 


Horizontal = 0.66 (exposed area) 


Vertical V v = 0.055 (exposed area) 


Note that the exposed tail area is used to determine the volume 
for both tail surfaces. All methane configurations and all LH 
dated aircraft were evaluated on this basis with one exception? 
130-passenger/2778 km (1500 n.mi.) group of airplanes which are 
aircraft. In those cases, the coefficients from the reference 6 
adopted for consistency. They are: 


coefficients 
and Jet A up- 
and that is the 
twin-engine 
study were 


Horizontal V = 0.59 

n 

Vertical = 0.0853 


in i 0 f. an ,^ Strati ? n *. the horlzonta;L tai l for the baseline 400 passenger/ 
10 186 km (5500 n.mi.) aircraft was sized by the following: 




A total center-of-gravity range of 171.5 cm 
L-1011) . 


(67.5 in.) 


(same as the 


• At least neutral stability at aft center of gravity 

• Control-to-stall at forward center of gravity with maximum landing 

flaps and idle thrust. 6 


• Takeoff nose wheel liftoff at forward center of gravity with maximum 
takeoff flaps at 1.05V 

S FAA 

A constraint on aft center-of-gravity location is that it must be far 
enough forward of the main landing gear to prevent a "tail-sit" condition 
at landing touchdown attitudes or at takeoff brake release at light weight. 

Analysis shows that this margin must be 0.183c for the Methane Configuration 1 
(see Figure 10) . 

The horizontal tail was assumed to be an all-moving surface with a 
25-percent chord-geared elevator yielding a usable CL max of ±1.6. This is 
compatible with that used in reference 3 for tail sizing of the liquid hydro- 
gen subsonic transport. Downwash data for the LHo airplane were also used 
since the aspect ratio of the airplane is the same. 


* 
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The center-of -gravity limits for the LCH 4 aircraft are dependent on 
horizontal tail volume coefficient as shown in figure 5. The forward limit 
is imposed by the requirement for control-to-stall in the landing configura- 
tion, and the aft center of gravity limit is defined by the condition for 
neutral static stability. These data indicate that a volume coefficient (Vjj) 
of 0.66 is required to provide a center of gravity range of 171.5 cm (67.5 in.) 

The vertical tail was sized based on the FAA requirement for critical 
engine-out air minimum control speed (^MC a i )• According to this requirement, 
^MC a i r shall not exceed 1.2V S p for takeoff with bank angle not exceeding 
5 deg. However, in practice, tne vertical tail is sized for a speed of about 
1.09V S p^, since the 10.7 m (35-ft) obstacle speed ( 2 l. 2 V S p^) must also be 
10 percent greater than the air minimum control speed. 

. 'x. 

Vertical tail size must also be evaluated in terms of the requirement for 
engine-out waveoff at approach speeds. This requirement is applied for the 
landing flaps configuration but at a higher stall margin: 1 . 3 V S p^. 

The vertical tail was assumed to be an all-moving surface with no geared 
rudder, yielding a of + 1 . 0 . 

Air minimum control speed was calculated based on lateral-directional 
stability and control derivatives of the L-1011 flight training simulator, and 
the engine thrust decay with speed was estimated based on characteristics for 
the RB.211-22B power plant. 

Results of the air minimum control speed analysis are presented in 
figure 6 . It presents the vertical tail size requirement in terms of speed, 
weight , and stall margin. The minimum control speed is critical at light 
weight therefore, these data must be applied at the specified minimum takeoff 
and landing weights. Minimum operational weights for tail sizing were 
specified as follows: 

• Takeoff with 25 percent payload and 40 percent fuel. 

• Landing with 25 percent payload and fuel reserves for an international 
flight (about 15 percent fuel). 

Corresponding weights are 131 544 kg (290 000 lb) for takeoff and 115 668 kg 
(255 000 lbs) for landing. Observing the data in figure 6 for these minimum 
takeoff and landing weights, it is apparent that the sizing condition is 
slightly more critical for takeoff. Figure 7 cross-plots the data in Fig- 
ure 6 for the takeoff stall margin of 1.09V SF . For the takeoff weight of 

131 544 kg (290 000 lb), the vertical tail area required is 10.8 percent of 
the wing area or a volume coefficient of 0.055 (V ) . 
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S * [356.5 m 3 (3837 ft 2 ) 

iv. = J.S1J2 
b 



200 240 280 320 360 400 440 


1000 lb 



90.7 109 127 145 163 185 200 


Weight 1000 kg 

Figure 6. - Analysis results for Configuration 1, takeoff, 
engine-out, air minimum control speed vertical 
tail size requirement 


19 


Vertical Tail Area Ratio 


356.5 rrr (3837 ft^) 
0.5112 


Ur 


= 1.09 V c 


*FAA 



90.7 109 127 145 


5 Vertical = °* 297 rad (17 Degrees) 
Aft C.G. 

No. 1 Engine Out 
0= 0.0873 rad (5 Degrees) 


Weight ^ 1U 


Figure 7. - Cross plot of data for Configuration 1, takeoff 
engine-out, air minimum control speed vertical 
tail size requirement. 


2.2 Propulsion 


2.2.1 Engine cycle selection and installation losses. - The approach used to 
select a turbofan cycle compatible with the requirements of the liquid- 
methane-fueled transport was to investigate the effects of selected concepts 
on a baseline design. The baseline L^ cycle was developed earlier by 
Lockheed and reported upon in reference 4. Garrett AiResearch reviewed this 
cycle and found it to be generally consistent with technology projections for 
1990; therefore, this cycle was used as a baseline for hydrogen exploitation 
feasibility studies. Although the baseline values of bypass ratio and fan 
pressure ratio were later modified as a result of the cycle optimization, 
the changes had little or no effect on the results of the feasibility studies. 

All concepts were evaluated at an assumed initial cruise flight condi- 
tion of 10 668 m (35 000 ft), Mach 0.85. This flight condition determined 
engine sizing and was also typical of the cruise condition where the majority 
of fuel is consumed. 

The criteria used for evaluation of the concepts was DOC. The sensi- 
tivity of DOC to changes in specific fuel consumption and engine weight was 
based on a relationship presented in reference 4. * The relationship used in 
the engine study was: 


AD0C (%) = 


7.75 

10 6 


(A engine weight) + 1.332 


( 41 _i ) 


DOC. 


x 100 


base 


The change in specific fuel consumption was evaluated using a design- 
point thermodynamic routine which allowed the various concepts to be modeled. 
Engine weight for the various concepts was determined by adding the weight of 
the components associated with each concept to the baseline weight and adjust- 
ing the baseline weight for changes in airflow, bypass ratio, and turbine 
design considerations. 

For all cycle investigations, thrust, cycle pressure ratio, turbine inlet 
temperature, and fan pressure ratio were held constant. Specific thrust 
(F /W a ) was held nearly constant by fixing the energy extraction of the low 
pressure turbine. This was accomplished by specifying a constant jet nozzle 
velocity ratio (V core /Vf ail ) in addition to the other constant parameters. 
Holding specific thrust approximately constant allows the effects of the 
various concepts to be observed independently of propulsive efficiency changes. 
It should be noted that holding the jet nozzle velocity ratio and fan pressure 
ratio constant does not hold specific thrust exactly constant, but it results 
in only very minor changes in specific thrust and the analytical procedure is 
greatly simplified. The jet nozzle velocity ratio selected was 1.19 which 
was based on the original Lockheed cycle. 
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Installation effects included in the analysis were bleed and horsepower 
extraction for aircraft systems, inlet total pressure recovery, and exhaust 
system losses including fan scrubbing drag. Freestream cowl drag and inlet 
spillage drag were not included. To a first approximation, free-stream cowl 
drag is a function of specific thrust and therefore, for this analysis, is a 
constant. Spillage drag at the design point condition is insignificant. 
Characteristics and installation losses of the baseline— size engine are 
su m marized in table 5. 


Cowl drag was accounted for by applying a constant drag coefficient and 
proportioning to the wetted area of the cowl. 

2.2.2 Initial LH ? engine cycle selection. - The initial LH 2 engine cycle 
selection proceeded on the basis that a rotor inlet temperature of 1427°C 
(2600°F) to 1538°C (2800°F) was desirable. The assumption was based on 
findings that show temperatures above this level require cooling for the 
low-pressure turbine vanes and blades. Cooling the low-pressure turbine 
results in significant performance penalties and is expensive. The added 
mechanical complexity is prohibitive. This assumption was tested later in 
the reference 4 study through the investigation of a 1760°C (3200°F) engine 
that used hydrogen to cool the turbine cooling air and thereby minimize 
the performance penalty. 

Baseline engine description: The baseline engine chosen for the initial 

cycle selection study was a two-spool, separately exhausted turbofan, con- 
sisting of the following components: 


TABLE 5. - BASELINE HYDROGEN ENGINE CHARACTERISTICS AT CRUISE 


J Installed Losses and Performance Characteristics 


Performance 


Net thrust, N 

26 689 

(lb) 

(6000) 

Specific fuel consumption, (kg/hr)/daN 

0.2129 

(Ob/hr)/lb) 

(0.2088) 

Specific thrust, N/(kg/sec) 

112 

(lb/(lb/sec» 

(11.47) 

Losses 


Horsepower extraction, kw 
(hp) 

93.2 

(125) 

Aircraft systems bleed extraction, % 

4.1 

Inlet total pressure recovery 

0.991 

Nozzle thrust coefficients 

0.995 




• Single-stage fan 

• Two-stage low-pressure compressor (booster stages) 

• Ten-stage high-performance compressor 

• Annular combustor 

• Axial-cooled HP turbine (single stage) 

• Axial-uncooled fan turbine (four to six stages) 

• Exhaust regenerator (for fuel heating) 

• Separate fan and core convergent exhaust nozzles. 

The cycle characteristics of the baseline engine were selected to 
approximate the cycle used in the feasibility studies discussed in refer- 
ence 4; however, additional intercomponent pressure drops, cooling flows, 
and leakage were added. 

A study was conducted to define the optimum cycle for the aircraft. 

This study varied bypass ratio, fan pressure ratio, and overall pressure 
ratio to find optimum performance, based on the DOC equation presented 
earlier. Figure 8 summarizes the bypass ratio study. Note that DOC reaches 
a minimum at bypass ratios between 8 and 11. A realistic single-stage fan 
is limited to a pressure ratio less than 1.8 (e.g., about 1.7), thereby 
causing the optimum cycle to occur at a bypass ratio greater than 8. The 
envelope drawing of the engine is shown in figure 9. 

Three heat exchangers are included as part of the methane engine to 
provide (1) methane cooling of the turbine cooling air, (2) engine oil 
cooling, and (3) fuel heating. They are described in Section 7. 

Basic cycle and performance data are listed in table 6. The thermo- 
dynamic design parameters shown in table 7 are the final results of a cycle 
optimization. They reflect final estimates of component performance, pres- 
sure losses, cooling flows, etc. The primary refinements included increases 
in low-pressure turbine efficiency and nozzle thrust coefficients, compared 
to those used in the early part of the study. 

2.2.3 The weight, geometry, and scaling relationship. - The estimated dry 
weight of thebare baseline-size engine is 1715 kg (3780 lb). This weight 
includes engine accessories, i.e., fuel control, fuel pump, lubrication 
pumps, heat exchangers, and accessory gearbox. Aircraft accessories, inlet, 
nozzles, fan thrust reverser, and noise suppression are not included. The 
estimated weight of the inner and outer fan ducts, fan and core nozzles, 
and fan thrust reverser is 367 kg (809 lb). The total dry weight of the 
engine exclusive of inlet, aircraft accessories, and noise suppression is 
20S2 kg (4589 lb). . 




Figure 8. - Effect of fan pressure ratio and bypass ratio 
on direct operating cost. 
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Figure 9. - Envelope drawing, selected baseline Lt^ and LCH^ engine. 



TABLE 6. - BASELINE ENGINE CHARACTERISTICS SLS, UNINSTALLED STANDARD DAY 



lh 2 

lch 4 

Jet A 

Power Setting 

Takeoff 

Takeoff 

Takeoff 

Net Thrust, N 

136 580 

136 580 

136 580 

(lb) 

(30 706) 

(30 706) 

(30 706) 

sfc - (£') 

0.1045 

0.2509 

0.293 

m 

(0.1025) 

(0.2460) 

(0.2874) 

Bypass Ratio 

10.25 

10.25 

10.25 

Fan Air Flow, kg/sec 

485 

485 

485 

(Ib/sec) 

(1070) 

(1070) 

(1070) 

Compressor Pressure Ratio 

15.5 

15.5 

15.5 

Turbine Inlet Temp, °C 

1482 

1482 

1482 

(OF) 

(2700) 

(2700) 

(2700) 


TABLE 7. - THERMODYNAMIC DESIGN PARAMETERS FOR METHANE ENGINE 


Inlet Recovery 

0.991 

Fan Efficiency 

0.892 

Fan Pressure Drop AP/P 

0.015 

Compressor Efficiency 

0.862 

Turbine Cooling Air, % 

3.2 

Combustor Efficiency 

1.0 

High Pressure Turbine Efficiency 

0.900 

Low Pressure Turbine Efficiency 

0.900 

Fan Nozzle Thrust Coefficient 

0.991 

Core Nozzle Thrust Coefficient 

0.988 
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The engine may be scaled within +25 percent of its base size according to 
the following relationships: 

/Scaled Thrust \ 

Scaled Weight = W bl ( Ba8e Thrus r ) 

_ . . . , „ /Scaled Thrust\ 

Scaled Length = ThruIT f 

„ , , _ _ /Scaled Thrust\ °' 5 

Scaled Diameter = { Base Thrust j 

3. AIRCRAFT DESIGN DEVELOPMENT 


3.1 Configurations 

The baseline LCH 4 configuration with all the fuel located fore and aft 
in the fuselage was adopted from the LH 2 study cited as Reference 3 and is 
shown in figure 10. This provided a known point of departure for the 
purpose of comparing a series of design possibilities. 

The sequence of the study was to first develop the best configurations 
out of three general options for the 400-passenger, 10 186 km (5500 n.mi.) 
payload/range aircraft and to then carry that configuration through to all 
other paylcad/ranges . Those options were: 

• Configuration 1 - All fuel in the fuselage divided fore and aft. 

• Configuration 2 - Maximum fuel in the wing with the balance required 

in the fuselage fore and aft. 

• Configuration 3 - Fuel in the wing plus external pylon tanks. 

When "configuration" is spoken of here, it is mostly the fuel system 
and tank arrangement that is referred to. Outwardly, most of the airplanes 
are conventional in appearance and do not vary greatly from one to the 
other. Two exceptions would be the pylon tank version and the 130-passenger/ 
2778 km (1500 n.mi.) airplane. The latter is a twin-engine aircraft because 
it was presumed that no over-water flights would be made. However, as a 
twin, it too is outwardly conventional. 
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Figure 10. Methane Configuration 1, all fuel in the fuselage. 
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- Before the second configuration could be accurately sized, a suitable 
concept for a cryogenic internal wing tank had to be arrived at. Of the 
three structural concepts for wing tanks shown in figure 11, the design at 
the bottom of the figure with the graphite epoxy upper and lower surfaces 
was chosen because of its larger volume capacity. A further improvement for 
accessibility would be to make every other shear web shown an open span- 
wise truss, i.e., of the five shear webs shown, make the first, third, and 
fifth an open truss to increase the size of the fuel bay. 

The internal insulation of the composite wing would be polyphenylene 
oxide (PPO) foam 6.35 cm (2.50 in.) thick. PPO is a proven product, pro- 
duced by a Netherlands company and used in shipboard LNG containers. It can 
currently be produced in thicknesses up to 7.62 cm (3 in.) and in a range 
of densities from 30.4 to 192.2 kg/m 3 (1.9 lb to 12.0 lbs/ft 3 ). 

PPO insulation would have to be laid in sections rather than being blown 
on and expected to adhere to the tank surfaces. This makes accessibility to 
the tank interior throughout the wing a prime consideration for installation 
and inspection of the insulated surfaces. The permeability of the graphite 
epoxy composite upper and lower surfaces to methane is not viewed as a 
problem since a thin mylar/aluminum membrane (MAAMF) is visualized at the 
inner surface of the composite material. 


For a cryogenic fuel, it is important to minimize the surface-to-volume 
ratio of the tanks so that the weight of the structure, its insulation, and 
the heat transfer to the fuel can be minimized. Because of the very low 
boiling point of the fuel and the need to reduce boil-off losses, it is ad- 
vantageous to pressurize the fuel tanks. In this regard, conventional wing 
tanks are limited to a maximum of approximately 20.7 to 34.5 kPa (3 to 5 psi) 
above ambient because of the relatively flat tank surfaces. Thus, at alti- 
tude, up to 9 percent of the methane might be lost by boil-off (reference 7). 


Using the fuel volume afforded by a composite wing concept, it was found 
that a little less than half of the required volume, 85.2 m 3 (3009 ft 3 ) , 
could be contained in the total wing bat section between the inboard engines. 
The remainder, 86.5 m 3 (3056 ft 3 ), is equally divided between a torus as the 
forward tank and an aft cylindrical tank, as shown in figure 12. 


The torus was introduced for two reasons. It requires about 2.13 m 
(7 ft) less fuselage length than a sphere, and it provides ready access to 
the passenger cabin for the crew through the center opening in the event 
such is desired. For the purposes of preliminary design, the weight differ- 
ence between the torus and the sphere is negligible. The aft tank, now being 
smaller than it was in the baseline configuration, can be stowed further aft 
in the tail section and thereby provides a further reduction in fuselage 
length of xxx m (11 ft) for a total of 5.49 m (18 ft) overall relative to 
the first configuration. 
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Figure 11. - Internal wing tank concepts. 







The third airplane configuration was laid out with all of the fuel 
removed from the fuselage and contained in the wing and in pylon tanks. This 
provides the shortest fuselage of all three configurations that can accommodate 
400 passengers. As a result, the angle of rotation available for takeoff can 
go from 0.24 to 0.28 rad (14 deg. to 16 deg,), as shown in figure 13. 

The pylon tank configuration and structural concept, figure 14 was 
adapted from the previous liquid hydrogen configuration (reference 3, 
figure 63) for the sake of consistency in comparing a methane design that is 
similar. It is acknowledged that the position of the pylon and tank directly 
over the engine nacelle is not the right location for the least interference 
drag at Mach 0.85, and that a better spot is somewhere about midway between 
the engine nacelles. The best answer to this question can only be arrived 
at by the aid of a rather substantial wind tunnel program on the aerodynamic 
integration of the wing/engine nacelle/pylon tank combination. 

Initial estimates of the methane load for the 10 186 km (5500 n.mi.) 
mission showed that 171.6 ro 3 (6065 ft 3 ) of fuel volume would be required. 

Using the composite wing as shown in figure 11, the wing internal fuel 
volume between the 0.15 chord and 0.65 chord beam locations was calculated 
as 85.2 m 3 (3009 ft 3 ), including the wing center section. The remainder, 

86.5 m 3 (3056 ft J ) , is divided between the pylon tanks. 

The pylon tank geometry was adapted from NASA TR R-100, Configuration 17, 
which offers a low drag coefficient at Mach 0.85 and a long straight cylindri- 
cal center section nearly equal to the wing chord at that location. The 
front section of the tank is an ellipsoid two diameters in length and the 
rear an ogive three diameters in length. Having the length in terms of 
diameters, the volumes of these regular geometric shapes can be expressed as 
a cubic of one unknown. 

Before solving for the required diameter and length, a further step was 
taken to determine the tank volume in the "as built" condition to accommodate 
43.3 m (1528 ft ) of liquid methane at cryogenic temperature. Table 8 
presents volume allowances and conditions for known changes to the tank from 
its "as built* condition at ambient temperature to obtain the required net 
fluid volume with ullage at cryogenic temperature. 

The correct cubic for the as-built volume is then: 





46.53 m 3 (1644 ft 3 ) 



9 € 



CO 

CO 


Figure 13. - Methane Configuration 3, fuel in wing plus pylons. 


VOL = 46.5 m 3 (1644 ft 3 ) 
L/D = 8.6 



Figure 14. - General 


arrangement of methane pylon tank. 



TABLE 8. - PYLON TANK VOLUME ALLOWANCES 


Volume Required = 43.3 m 3 (1528 ft 3 ) 



Condition 

% Volume Change 

Temperature contraction and pressure change 
(2219 A i) 

+0.8 

Fluid expansion due to density change. 

+1.4 

Internal structure 

+0.44 

Internal equipment 

+0.06 

Trapped fuel 

+0.30 

Ullage 

+0.42 

Boil-off and press u rant gas 

+5.00 

Net Change 

+7.62% 

"As built" volume required 


0.0762(15281 + 1528 = 1644 ft 3 



2.225 D 3 + 19.6 D 2 - 1644 = 0 

.\D = 2.09 m (6.86 ft) 

Ellipsoid = 2D = 4.18 m (13.72 ft) 

Cylinder (equal to chord) 

7.62 m (25.00 ft) 
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Ogive = 3D - 6.27 m (20.58 ft) 


Fluid volume length 18.1 m (59.30 ft) 


The required tank wall and insulation thickness are added to these dimen 
sions, as shown in figure 14. The inner layer of closed cell foam is 
Stepan Foam BX250 A with a density of 36.8 kg/m 3 (2.3 lb/ft 3 ). Next is a 
MAAMF vapor barrier and then a flexible open-cell foam compressed to 1.78 cm 
(0.7 in.). On the outside is a Kevlar/syntactic foam wrap for fairing and 
mechanical protection. This is the same insulation concept as chosen for the 
integral aft fuselage tank, as shown in figure 106, Section 8. All tank 
concepts are summarized in figure 15. 

Highlights of the pylon tank design include the following features: 

• The pylon tank with 43.3 m 3 (1528 ft 3 ) of liquid methane has about 
one-sixth the volume of the hydrogen tank and is, by the cube root 
rule for volumes, only 55 percent as long. 

• Although the pylon tanks will need boost pumps for crossfeed, it is 
visualized that normally the pylon tank would gravity feed to the 
internal wing tanks. The engines would take fuel from the internal 
tanks, no pylon tank would ordinarily supply an engine, and there- 
fore, the pylon tanks would be emptied first. 

• The elevator on the pylon tank is a controlled flight surface which 
can be used to aid in trim and in reducing wing moments in torsion. 

The tank tail surfaces are of composite materials. 

• The tank nose is removable for inspection and maintenance access. 

• The interior of the tank is insulated in the area where it interfaces 
with the pylon support structure to reduce heat flow from the warmer 
support structure to the methane. 

• The clearance between the bottom surface of the tank and the upper 
surface of the wing has been kept about the same as it was for the 
hydrogen airplane, i.e., about 152.4 cm (60 in.). 

• A boot fairing has been added at the wing and pylon intersection to 
aid in reducing interference drag. 

• Bulkhead fuel baffles have been shown which will also aid in stiffen- 
ing the tank structure. 


36 



T ! 


All Aircraft Designed for 
400 PAX 5500 n.mi. Mach 0.85 


Methane 1 - All Fuel in Fuselage Liquid Hydrogen - All Fuel in the Fuselage 



Figure 15. - Summary of. fuel tank concepts. 
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• The following Inertia load criteria were applied to the tank suspension 
system and the fuel in the tank (FAR 25.561): 

Upward n = 2.0 
Forward n - 9.0 
Sideward n = 1.5 
Downward n = 4.5 


3.2 Preliminary Fuel Tank Insulation Concepts and Weight Estimate 

Before the parametric analysis on the three vehicle configurations could 
proceed, a preliminary least weight insulation concept had to be arrived at. 1 
This was done by applying a heat transfer analysis to the fore and aft tanks 
of the baseline Configuration 1. For the aft tank the heat transfer analysis 
includes the insulating value of the open-cell foam-Kevlar fairing, which is 
used to cover the primary insulation of the conic section. The tank heads 
have primary insulation only. For the spherical forward tank, primary foam 
only was used. The results are shown in table 9. Using the criteria of the 
sum of methane evaporated in flight and the insulation weight, Z (fM- + M^) 
the Stepan Foam BX 250A is clearly the lightest for the baseline airplane. 

It should be noted that the final optimization by computer modeling, as re- 
ported in Section 8, provides insulation thicknesses that are slightly less 
than this initial screening for weight estimating purposes. From these re- 
sults, the preliminary weights can be accounted for. 

For Configuration 1, Stepan Foam BX 250A is the minimum weight system 
at 1161 kg (2560 lb). No accounting has been made for small changes in 
fuselage dimensions or ground vent recovery factor. Foam weight includes 
0.224 kg/m^ (0.046 lb/ft2) for vapor barrier and 0.220 kg/m^ (0.045 lb/ft^) 
for two layers of adhesive. ' 

In Configuration 2, fuel is carried in the wing tanks, including fuselage 
center section, plus fore and aft tanks in the fuselage. 


The wing tanks are graphite-epoxy plus PPO internal foam insulation. 
Candidate insulation systems are discussed in Section 8. 

Required volumes are: 


Wing 

= 85.2 

3 

m 

(3009 

ft 3 ) 

Aft Fuselage Tank 

= 43.3 

3 

m 

(1528 

ft 3 ) 

Fwd Torus 

= 43.3 

3 

m 

(1528 

ft 3 ) 

Total 

171.8 

3 

m 

(6065 

ft 3 ) 
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TABLE 9. - PRELIMINARY INSULATION SYSTEM WEIGHTS FOR THE BASELINE 
CONFIGURATION 1 


Symbols: 

fM v - fuel vented in flight 
f M e - fuel evaporated in flight 
gM v - fuel vented on ground (recoverable) 
Mj - insulation system weight 

insulation 

Optimum 
tj cm (in) (?) 

fM« 

kg (lb) (b) 

Z(fM e +Mj) ; 

kg (lb) (0 

gM v 

kg (lb) 0 

Stepan Foam Bx 250 * 
2.3 pcf 

Aft 

Fwd 

Total 

5.08 (2.0) 
6.35 (2.5) 

341 ( 752) 
322 ( 710) 

663 (1462) 

567 (1250) 
594 (1310) 

1161 (2560) 

331 ( 730) 
322 ( 710) 

653 (1440) 

Microspheres * 

Plus VAC System 

Aft 

Fwd 

Total 

2.86 (1.125) 
3.18 (1.250) 

228 ( 503) 
228 ( 502) 

456 (1005) 

624(1375) 

624(1375) 

1248 (2750) 

265 ( 585) 
274 ( 605) 

539(1190) 

* 

Internal PPo 
2.4 pcf 

Aft 

Fwd 

Total 

. 

7.62 (3.0) 
7.62 (3.0) 

331 ( 730) 
367 ( 810) 

698 (1540) 

624 (1375) 
651 (1435) 

1275 (2810) 

305 ( 700) 
342 ( 755) 

647 (1455) 

i'T' 1 Minimum of Z(fM e + Mj) 

(b) Fuel evaporated in flight 

£ Weight of fuel evaporated in flight plus weight of insulation. Does not include open-cell foam or fairing, 
(d) Weight of fuel vented on the ground, including cool-down during refueling. 


‘See Section 8 for discussion of candidate insulation systems. 
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Per wing tank 


2fM o + m. 
e i 


1161 kg (2065 lb) 


SfM 


474 kg (1045 lb) 


2gM„ 


366.5 kg (808 lb) 


• Total wing 


SfM + M. 
e i 


= 1873 kg (4130 lb) 


SfM 


948 kg (2090 lb) 


SgM = 733 kg (1616 lb) 


barrl2 e nf»I U J ati °!i, We J 8ht n ±S the SUm ° f th * PP ° plus the internal MAAMF 
barrier plus two adhesive layers. 

i e F aft C 5 e 08 U ^ 1 o e n tank t’ c i was used as for Configuration 1, 

l.e*, art 5.08 cm (2.0 m.) and forward 6.35 cm (2 5 in ^ Aft- 

mate weights are scaled as the volume ratio; however, fir'the fuel losses°of' 
we h i 8 Sts r “a;e- he ° PC1 " Um *1 lS StiU 6 - 35 - «- 5 *«•> «* Stephan fo a^Ld the 


SfM = 248 kg (547 lb) 


Sfm e + M ± - 454 kg (1002 lb) 


SgM 


255 kg (562 lb) 



The total weight for this configuration is the sum of 1873 kg (4130 lb) for 
the wing tanks and 454 kg (1002 lb) for the fuselage tank for a total of 
2328 kg (5132 lb). 

From a tank insulation standpoint. Configuration 2 is poor because the 
surface-area-to-volume ratios are too high for the torus and the flat wing 
tanks . 

In Configuration 3, fuel is contained in the graphite epoxy wing plus 
above-wing pylon tanks. The outer fairing and open-cell foam 1.78 cm 
(0.7 in.) are included as insulation for heat transfer calculations relative 
to the pylon-mounted tanks. Optimum for the following weights appears to be 
5.08 cm (2 in.) of Stepan foam: 

fM = 247 kg (544 lb) 


fM e = 333 kg (735 lb) 


gM v = 316 kg (698 lb) 


M i = 254 kg (560 lb) 


(fM + M ± ) = 587 kg (1295 lb) 


From Configuration 2, the wing tank insulation weight is 1873 kg 
(4130 lb) . The pylon tanks have 587 kg (1295 lb) for a total system weight 
of 2461 kg (5425 lb). 

Again, the pylon tank concept is not very efficient thermally. It has 
a poor shape for thermal optimization. The complete thermal analysis and 
final optimization process is contained in Section 8. 
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4. AIRCRAFT PARAMETRIC ANALYSIS AND CONFIGURATION SELECTION 


It is worthwhile to state again that the method of the study was to 
develop the best methane transport configuration from three candidates for 
the basic payload/range of 400 passengers and 10 186 km (5500 n.mi). This 
configuration and the resulting fuel system, tanks, and insulation system 
was then adopted for the other four payload/ranges. Also, the LH 2 and Jet j 
aircraft of references 3 and 6 studies of 1974-75 were updated to an equiv- 
alent technology level so that there would be a consistent matrix of three 
alternate fueled aircraft at five payload/ranges. The performance of all 
these aircraft is summarized at the end of this section. The significant 
parts of the final computer optimization is shown for each alternate fueled 
airplane in the appendix for the 10 186 km (5500 n.mi.) design range. They 
are as follows: 


• Configuration Geometry 

• Weight Summary 

• Mission Summary 

• Cost Summary 

• Parametric Analysis 


4.1 Performance Analysis of Three Candidate Methane Configurations 
for the 400 Passenger/10 186 (5500 n.mi.) Payload/Range 


The common characteristics for the methane airplanes were taken from 
the LH^ and Jet A studies of references 3 and 6. They are as follows: 


Range 

Cruise Mach 
Passengers 
Aspect Ratio 
Taper Ratio 
Sweep 

Wing Thickness Ratio 
Tail Volume Coefficients 
Horizontal 
Vertical 

Takeoff Field Length 
Approach Speed 
Initial Cruise Altitude 
Engine-out Climb Gradient 


10 186 km (5500 n.mi.) 

0.85 

400 

9 

0.3 

0.524 rad (30 deg) 

10.0 

0.66 > 

0 055 ' Sase d on exposed area 

S 2438m (8000 ft) 

£69.4 j (135 knots) 

510 363 m (34 000 ft) 

£0.03 



Cost data were based on 1976 dollars and methane fuel was priced at 
$4 per lO^ Btu. 


The parametric matrix chosen for optimizing on the basis of DOC was: 


Wing Loadings 


(f - ) 488 kg/m 2 
537 kg/m 2 
586 kg/m 2 
635 kg/m 2 
683 kg/m 2 


(100 psf) 
(110) 
(120) 
(130) 
(140) 


Thrust to Weight Ratios 



2.70 N/kg (0.275 lb/lbm) 
2.94 N/kg (0.300 lb/lbm) 
3.19 N/kg (0.325 lb/lbm) 
3.43 N/kg (0.350 lb/lbm) 


This 20-point matrix did not involve any further iteration of aspect 
ratio, wing sweep, or thickness ratios as they were considered to have been 
adequately defined by the referenced studies. 


The results are shown in parametric form in figures 16 through 24 for 
each of the three configurations. As can be seen, the "bucket" of the DOC 
curves is quite flat and significant variations in T/W and W/S can occur with 
only minor changes in DOC values in the third decimal place. Solving for the 
point designs of the three configurations on the basis of minimum DOC results 
in an iterative process of selecting point design values from the curves and 
confirming that they meet the field-length and approach-speed constraints as 
closely as possible by detailed analysis in the ASSET computer system. 

As indicated by the cross hatching on the back side of the constraint 
lines on the plots, only those values above the takeoff constraint and also 
to the right of the approach-speed constraint line can be used. Those below 
and to the left, on the shaded side of the lines, do not represent valid 
designs. 

Aircraft design parameters based on T/W and W/S values selected from the 
carpet plots which appeared to provide minimum DOC were input to the computer. 
The results provided definition of near-optimum versions of aircraft for all 
three configurations. Table 10 lists values of the significant parameters 
for the three aircraft. 

Configuration 2, which has the lowest DOC in the methane group, has a 
fuselage that is 18 feet shorter than Configuration 1 because of the ability 
to carry 33 percent of the methane required in the wing. The use of the 
torus as the forward fuselage tank rather than the sphere, also contributed 
to the reduced length. It should be noted, however, that practical, aspects 
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Figure 17. - TOGW evaluation, configuration 1. 
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Figure 22. - DOC evaluation, configuration 3. 
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TABLE 10 


COMPARISON OF CANDIDATE METHANE CONFIGURATIONS 



(400 Passengers -10 186 km (5 500 - 

Mach 0.85) 



Configuration 1 

Configuration 2 

Configuration 3 

Gross Wt 

Kg 

224 000 

218 200 

223 000 


(lb) 

(433 900) 

(481 000) 

(491 700) 

Total Fual Wt 

*9 

69 040 

63 360 

72 390 


(lb) 

<152 200) 

(150 700) 

(159 600) 

Block Fuel Wt 


58 500 

58 060 

61 690 


(lb) 

(129 000) 

(128 000) 

(136 000) 

Operating Empty Wt 

' Kg 

115 030 

109 900 

110 700 


(lb) 

(253 600) 

(242 300) 

(244 100) 

Aspect Ratio 

- 

9 

9 

9 



(9) 

(9) 

. (9) 

Wing Area 

m2 

417 

385 

374 


(ft2) 

(4 490) 

(4 147) 

(4 030) 

Sweep 

rad 

0.524 

0.524 

0.524 


(deg) 

(30°) 

(30Qf 

(30°) 

Span 

m 

61.3 

58.9 

58.1 


(ft) 

(201) 

(193.2) 

(190.5) 

Fuselage Length 

m 

61.4 

55.9 

53.9 


(ft) 

(201.3) 

(183.3) 

(176.7) 

L/D Cruise 


19.11 

18.76 

19.73 



(19.11) 

(18.76) 

(17.93) 

SFC Cruise 

K?/dlN 

0.502 

0.503 

0.503 


(Ib/hr/lb) 

(0.492) 

(0.493) 

(0.493) 

Initial Cruise Alt 

m 

11 582 

11 582 

11582 


(ft) 

(38 000) 

(38 000) 

(38 000) 

Wing Loading 

kg/m2 

537 

566 

596 


(Ib/ft2) 

(110) 

(116) 

(122) 

T.'W 

N/kg 

2.94 

3.06 

3.15 



(0.300) 

(0.312) 

(0.321) 

Thrust Per Engine 

N 

164 750 

166 890 

175 520 


(lb) 

(37 040) 

(37 520) 

(39 460) 

FAR T.O. Distance 

m 

2377 

2407 

2412 


(*t> 

(7 804) 

(7 896) 

(7 913) 

FAR Landing Distance 

m 

1524 

1572 

1610 


(ft) 

(5 001) 

(5 157) 

(5 281) 

Eng Out Climb Grad 


0.03 

0.0327 

0.030 



(0.03) 

(0.0327) 

(0.030) 

Approach Speed 

m/s 

63.6 

65.2 

66.4 


KEAS 

1123.7) 

(126.7) 

(129.0) 

Weight Fractions 





Fuel 


30.82 

31.32 

32.46 



(30.82) 

(31.32) 

(32.46) 

Payload 

"a 

17.82 

18.30 

i7.9o ■ : 



(17.82) 

(18.30 

(17.90) 

Structure 

'a 

29.25 

28.10 

26.94 



(29.25) 

(28.10) 

(26.94) 

Propulsion 

5 a 

6.74 

6.61 

7.34 



(6.74) 

(6.61) 

(7.34) 

Price - Millions 

S106 

47.45 

45.68 

45.84 


($106) 

(47.45) 

(45.68) 

. (45.84) 

□ OC Centi'Seat n.mi. 

S/seat km 

0.802 

0.787 

0.807 


(cents, scat n.mi.) 

(1.486) 

(1.458) 

(1.494) 

Energy Utilisation 

kJ/seat km 

717 

711 

756 

1 ’ 

Btu.seat n.mi. 

(1 261) 

M 251) 

(1 330) 




of the fuel containment problem, such as the difficulties which will be 
encountered in providing for pressure-tight sealing of the flat-shaped 
internal wing tanks, increased boil-off of gaseous methane for a given 
thickness of insulation, and the effect of increased surface area of the 
fuel containment system on safety will override this advantage. 

The advantage of the reduced fuel volume in the fuselage is only a tem- 
porary gain. The much lower total fuel weight required for the hydrogen air- 
plane relative to the methane (by a factor of 2.7, see table 11) overtakes 
the favorable volume/density characteristics of methane and results in the 
hydrogen-powered version being smaller in weight, span, and wing area even 
though the fuselage is longer. It is worth noting that the fuel weight frac- 
tions for hydrogen and methane are 15.17 percent and 30.82 percent, respec- 
tively, for the same payload, speed, and range. 

The appearance of Configuration 1 as the chosen airplane of that group 
in table 11 rather than the lowest DOC airplane from table 10, Configura- 
tion 2, introduces the real basis for screening the methane designs. Had 
there been overwhelming differences in DOC between the three choices, espe- 
cially the first two, the decision would have been more clear cut. As it is, 
the fact that the first configuration DOC is only 1.9 percent higher than 
the second leads one to look for more compelling reasons for making a choice. 
It is not reasonable to conclude that the 1.9 percent difference in DOC 
shown by the analysis will be the real difference for airplanes that might 
be designed 10 years from now and in service for 20 years beyond that. 

Rather, the decision should be based on consideration of the practical as- 
pects of the designs, i.e., safety, relaibility, maintainability, produc- 
ibility, etc. 

The pylon tank configuration was eliminated on the basis of having the 
highest DOC and being thermally inefficient with the combination of flat wing 
tanks and the long slender pylon tanks. Both are poor shapes for good thermal 
efficiency. What follows are considerations other than DOC for choosing be- 
tween the two remaining designs although many of the arguments would also 
apply to the pylon tank version if it were carried along. 

4.1.1 Safety 

4.1. 1.1 Crashworthiness .- In the 1964 to 1978 time period, United States air 
carriers worldwide had 31 fatal accidents with 1500 fatalities. Of these 
594 (39.6 percent) were due to postcrash fires (reference 8). Prevention of 
fuel tank rupture and a subsequent fire are predominant design concerns. 
Controlled breakaway design concepts for landing gear to prevent wing tank 
rupture alleviates the problem but does not remove the risk of ruptured 
tanks. Once the gear has sheared off, there are still the pylon-mounted 
engines to contend with and after that the wing can still break on contact 
with the ground. Considering the low-spark energy required to ignite methane 
and its low flammability limit in air, the internal wing tank does not offer 
much comfort. 



TABLE 11. - HYDROGEN, METHANE AND JET A FUELED TRANSPORT CONFIGURATIONS 



(400 Passengers • 

10 190 km ( 5 500 n.mi.) - M«ch 0.85) 





Methene 




Hydrogen 

Configuration 1 

Jet A 

Gross Wt. 

kg 

168 800 

224 000* 

232 060 

(lb) 

(372 205) 

(493 900*) 

(511 600) 

Total Fuel Wt. 

kg 

25 600 

69 040 

84 780 

(lb). 

(56 457) 

(152 200) 

(186 900) 

Block Fuel Wl 

kg 

21 620 

58 500 

72 350 

(lb) 

(47 666) 

(129 000) 

(159 500) 

Operating Empty Wt. 

kg 

(lb) 

103 300 
(227 748) 

115030 
(253 600) 

107 370 
(236 700) 

Aspect Ratio 


9 

(9) 

9 

(9) 

9 1 

(9) 

Wing Area 

m2 

(ft2) 

297 

(3195) 

417 
(4 490) 

380 
(4 093) 

Sweep 

rad 

(deg) 

0.524 

(30°) 

0.524 

(300) 

0.524 

(30Q) 

Span 

m 

51.8 

61.3 

58.5 

(ft) 

(170) 

(201.0) 

(192) 

Fuselage Length 

m 

(ft) 

65.7 

(215.6) 

61.4 

(201.3) 

60.0 

(197.0) 

L/D Cruise 


17.36 

(17.36) 

19.11 

(19.11) 

19.13 

(19.13) 

SFC Cruise 

kg 

0.206 

0.502 

0.615 


■ (lb/hr/lb) 

(0.202) 

(0.492) 

(0.603) 

Initial Cruise Alt 

m 

11 582 

11 582 

(11 582) 

(ft) 

(38 000) 

(38 000) 

(38 00Q) 

Wing Loading 

kg/m2 

(Ib/ft2) 

569 

(116.5) 

537 

(110.0) 

610 

(125.0) 

T/W 

N/kg 

3.20 

(0.326) 

2.94 

(0.300) 

3.20 

(0.325) 

Thrust Per Engine 

N 

(!b) 

134 990 
(30 350) 

164 750 
(37 040) 

185 040 
(41 600) , 

FAR T.O. Distance 

m . 

2440 

2377 

2431 j 

(ft) 

(8 006) 

(7 804) 

(7 976) | 

FAR Landing Distance 

m 

itt) 

1768 
(5 799) 

1524 
(5 001) 

1584 j 

(5 197) * 

Engine Out Climb Grad 

1 

j 

0.030 

(0.030) 

0.030 

(0.030) 

0.035 | 

(0.Q3Q5) j 

Approach Speed 

j m.s 

KEAS 

71.2 

(138.4) 

63.6 

(123.7) 

65.5 j 

(127.4) j 

Weight Fractions 

i 



i 

Fuel 

i “■ 

15.17 

(15.17) 

30.82 

(30.82) 

36.53 i 

(36.53) 

Payload 

i 

! • 

23.64 

123.64) 

17.82 

(17.82) 

17.20 

(17.20) 

Structure 

i 

j 

32.39 

(32.39) 

29.25 

129.25) 

26.32 

(26.32) 

Propulsion 

1 

i * 3 

9.07 

(9.07) 

6.74 

(6.74) 

5.37 

(5.37) 

I Price - Millions 

! SI 0® 

! -SIQSj 

43.39 

(43.39) 

47.45 

(47.45) 

44.53 

(44.53) 

1 

| DOC CentsiSeat n.mi. 

1 cents seat km 

; cents, see: n.mi. 

0.869 

) (1.609) 

0.802 

(1.486) 

0.907 

•1.679) 

Energy Utilization 

! <J seat km 

B:u seat n.mi. 

637 

. . 11118) 

717 

(1261) 

759- ’ 

(1 3.34) 

• i (“Fuel system, insulation ana tar.K weignts not finalized here.) 
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Figure 25. - Composite wing structure and tank concept for liquid methane 
4. 1.2.2 Ground soak condition 
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Alum 

^ 

i r 
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’ Hid 

G/E 

$ 


I-— A02 

Nonstress 
Position at Tref 


Equilibrium 

Position 


■ »i at i h 


A l 2 = a 2 ^ T 2 ^2 


(°l iT l - A^) ■ *2 (“2^2 + A^) 


i = £ 2 = 2.54 cm (1.00 in.) 


P = 


- »2 AT 2 
( A 1 E 1 A 2 E 2 ) 
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Aj? Elastic Data 


A = 1.00 x 0.08 = 0.52 cm 2 

(0.08 in) 

E. - 68.95 G Pa 

(10 x 10 6 psi) 

a. = 23.4 x 10 ^ cm/cm/°C 

(13 x 10-6 i n /i n / 0 F) 

A.E. = .0.363 x 10^ kg 
(0.8 x 10 6 lb) 


G/E Elastic Data 


1.00 x 0.4 


2.58 cm 
(0.4 in^) 


86.18 G Pa 
(12.5 x 10 6 psi) 

1.26 x 10 ^ A cm/cm/°C 
(0.70 x 10 -b in/ in/°F) 



A 2 E 2 


2.27 x 10° kg 
(5.0 x 10 6 lb) 


Data are from the USAF "Advanced Composite Design Guide." 
In Customary Units: 


13 x 10 -6 AT, - 0.70 x 10~ 6 AT„ 
p = i 2 - 


1.45 x 10 


-6 


= 8.96 AT X - 0.483 AT 2 


o- (Al) = 


8.96 AT X - 0.483 AT 2 
0.08 


<r (G/E) 


_P_ 

A- 


8.96 AT l - 0.483 AT 0 
0.40 “ 
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4, 1*2.3 Midcruise condition .— Cold soaking for a long period at cruise pro- 
duces a higher stress relative to Tj^rp and the load P is reversed from ground 
soak as follows: 


j Alum ^ 


p 


j 

✓ G/E ^ 

. J 


quili 

Posi 

brium 

tion 

'2 

E 


Nonstress 
Position at Tpgp 


The signs for P in the principal equation become reversed and then one 
proceeds as above. 



h ( a i aT i + 

p \ _ 0 

(o' 2 AT 2 

P \ 



A i E i) 2 

A 2 E 2 ) 


Omitting 
results are: 

the detailed calculations, which are straightforward 

, the 

Condition 

AT, 

°C i°F) 

AT 2 
°C (°F) 

P 

(lb) 

6 ALUM 
MPa 
(psi) 

6G/E 

MPa 

(psi) 

End of 
Ground Soak 

(160 - 75) 
47.2 (85) 

(200 - 75) 
69.4 (125) 

318 

(701) 

-60.4 
(-8 765) 

12.1 

(+1752) 

Midcruise 

(-65 - 75) 
-77.8 (-140) 

(-65 - 75 
-77.8 (-140) 

538 

(1187) 

102.3 
(+14 840) 

-20.5 

(-2969) 


The graphite epoxy structure is influenced the least because of its 
greater relative thickness. The above illustration is a simplistic one 
because no other structural considerations are accounted for but the result 
shows the magnitude of the stresses created by differential expansion. 
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The problem is a serious one only if it is ignored; but the design and 
production complexity are certainly increased by the introduction of a 
cryogenic fuel tank made of composite material, which also carried primary 
loads as an integral part of a wing structure that is otherwise aluminum. 

The induced stress at a level of 102.3 MPa (14 840 psi) would not be allowed 
to occur. Slip joints could be introduced which would relieve the situation. 

4.1.3 Operations .- The nature of cryogenic fuels is such that maintenance 
and inspection procedures for commerical aircraft will have to be dramatically 
revised. In the case of wing tanks with internal insulation, access to all 
internal tank areas for inspection and repair would be necessary. All possi- 
ble equipment, such as pumps, would be installed so as to be accessible from 
outside the tanks. Leak checks would be routinely done on the ground and 
incipient leaks that develop in flight would have to be indicated in the 
cockpit. 

As of now, there is more experience with, and a higher level of confid- 
ence in aluminum tanks, ‘spherical or cylindrical, which are centrally located. 
Certainly, they are more encouraging from a maintenance point of view. 

4.1.4 Configuration selection .- Considering all of the foregoing, especially 
the safety and complexity considerations, the first methane configuration with 
all fuel in the fore and aft fuselage tanks was adopted with NASA concurrence 
for completion of the study. That design is used in all of the subsequent 
sections of the report. 


4.2 Extended Matrix of All Aircraft to Other Payload Ranges 


This work is an addendum to the basic configuration selection and design 
of the 400 passenger/10 186 km (5500 n.mi.) mission. For those aircraft, the 
four major operating constraints were held constant as follows: 

Approach speed 69.4 -^-(135 knots) 

Takeoff field length 2438 ra (8000 ft) 


Initial cruise altitude 10 363 m (34 000 ft) 

Climb gradient 0.03 

It was suggested during the study that the TOFL and the approach speed 
might be too restrictive in view of the fact that many of the world’s major 
airports have runways that are considerably longer, as shown in table 12. 

To examine the effect of varying payload and range as well as the benefit 
of extending the TOFL and approach speed, the following operating constraints 
were adopted for an extended matrix of the three alternate fueled aircraft 
(table 13). 
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TABLE 12. - RUNWAY LENGTHS OF WORLD’S MAJOR AIRPORTS 


City 

Longest Runway 
Available m(ft) 

Anchorage 

3321 (10 897) 

Bogata 

3800(12 487) 

Boston 

3073 (10 081) 

Buenos Aires 

3299 (10 824) 

Chicago 

3536 (11 600) 

Frankfurt 

3900 (12 795) 

Guam 

3048 (10 000) 

Guayaquil, Ecuador 

2440 ( 8 005) 

Hong Kong 

3331 (10 930) 

Honolulu 

3771 (12 371) 

Lima 

3506 (11 503) 

London 

3902 (12 802) 

Los Angeles 

3685 (12 090) 

Madrid 

4100 (13 451) 

Miami 

3201 (10 502) 

Milan 

3927(12 844) 

New York 

4442 (14 572) 

Panama City 

2682 ( 8 800) 

Paris 

3900 (12 795) 

Philadelphia 

3200 (10 500) 

Rome 

3980 (12 795) 

San Francisco 

3618 (11 870) 

Santiago 

3199 (10 496) 

Sydney 

3962 (12 999) 

To kyo 

4000 (13 123) 

Washington 

3505 (11 500) 

"Reference: Jeppesen Airway Manual 


The results of varying the TOFL and approach speed are shown in the 
two adjoining columns of table 14 for the 400-passenger/ 10 186 km (5500 n.mi.) 
airplanes. All aircraft were designed to the same technology level and all 
meet the four principal operational constraints. In addition, they are all 
minimum DOC airplanes. 







TABLE 13. - PRINCIPAL OPERATING CONSTRAINTS FOR ALL AIRCRAFT 



As shown in table 15, all three airplanes, are improved by easing the 
constraints with the LH 2 airplane bene fitting the least and the Jet t e 
most. Adopting the higher approach speed would be a clear choice. The / 

speed is consistent with current operational practice. However, reflection 
on the proposal to increase the TOFL from 2438 m raises serious doubts about 
its practicability. Airline flexibility in planning route structures is 
severely restricted if the field length limit is increased to 3200 m. 

The effect of varying payload and range is shown in figures 27 and 28. 
The significant thing to be noted there and in table 14 is that at the 
verv long range, 18 520 km (10 000 n. mi.) mission, the methane airplane 
becomes slightly heavier than the Jet A and that the mission energy and 
energv utilization is slightly higher primarily due to the better L/D of 
the Jet A airplane, 22.84 as compared to 21.86, or about 4.5 percent. 

This in turn is due to three design aspects* 

The first design aspect is a smaller diameter fuselage for the Jet A 
aircraft because it carries all the passengers in a single-deck arrange- 
menc. This is a consequence o£ being able co carry all of the . fuel in the. 
wing. The LCHa fuselage is larger m diameter, 8.02 m (26.3 ft) versus . 
5.97 m (19.6 ft), so the wetted area of the fuselage is 18 percent great 
because of the fuel containment problem with the fore and aft tanks. 
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TABLE 14. - SUMMARY OF STUDY RESULTS 
(All aircraft cruise at Mach 0.85 with 2438 m (8000 ft) TOFL and 250 km/hr (135 knots) approach speed) 

Customary Units 


W>ng loading 
Thrust/We^it 
Grou Weight 
Block Fuel 
OEW 

Wing Are* 

Scan 

Fuv Length 

SFC IC(uita) 

L O (Cruise I 
Thrgjt/Engin* 
TOFL 
APP Soeed 
Price/ Aircraft 

OOC 

Energy 

Utilization 


k* /lb \ 

3 (i?) 

I* M 


kf (lb) 
m2 «|2) 





Short Range 

130 oea 

2711 km (1500 nm.) 


L "2 


<93.6 

nor. ii 

375 
(0382) 
<5 510 
MOO 3401 
2 on 
(4434) 

29 780 
(65 6501 
922 
(9930) 
30.4 
(99 6) 

41.7 

(137.0) 

0.206 

10.202) 

18.13 

(1613) 

85 250 
<19 165) 

2 442 
(8011) 

694 

(1351 

1577 

(1577) 

1 312 
(2 429) 


5211 
(106 9) 

3 63 

(0.370) 

50 DM 

MIO 360) 

<803 

M0 588) 

30 400 

(67 015) 

95.9 

11032.0) 

31.7 

(104.1) 

406 

(133?) 

0.503 

(0.493) 

1774 

((774) 

90 810 
120 417) 

2 397 
(7863) 

694 
(1351 
15 89 
(15.89) 

1.187 

(2.199) 


537.0 
(110.01 
363 
(0370) 
<8 480 
(106 880) 
5 784 
(12 7521 
27 540 
(60 721) 
90.3 
(972.0) 
31.5 
(103.4) 
344 
M130) 

0.613 
(0 601) 
1758 
(17.561 
87 950 
(19 7731 
2 350 
(2711) 

69.4 

(135) 

1443 
(14 43) 

1231 

(2.1791 


Medium Range 
200 pee 

5551 km 13000 • mi.) 


IHj 


513.6 
(105.2) 
329 
(0 335) 

79 600 
(175 490) 
6 482 
(14 291) 

51 540 
(113 628) 
1550 
(16681 
384 
M75.9I 

52 7 
0 73 0) 

0.206 
10.202) 
1582 
1 15.82) 

65 380 
114 698) 

2 104 
(6902) 

69.4 

1135) 

2570 

(25.20) 

1.129 
(2 091) 


lc>;« 


574 0 
(1175) 
313 
(0 3191 
93 790 
!206 770) 
16 772 
(36 9781 
53 720 
1111441) 
163 5 
(17601 
39 7 
(130 1) 
518 
(170 0) 

0 501 
(0 491) 
16.54 
M6 54I 
73 350 
<16490) 

2 436 
17990 
634 
(134 9) 

25 94 
(2595) 

1040 


Jet A 


Medium Range 
400 Pea 

5556 km (3000 rum.) 


598 0 
M22.5) 
3.25 
(0 331) 
90 160 
(198 770) 
19 130 
(42 1261 
47 300 
M04 291) 
150.8 
06231 
38 3 
(125 8) 

44 1 
1144 7) 

0610 

<0.5981 

1697 

(1697! 

73 160 
(16 448) 
2444 
(8017) 

694 
(134 9* 

23 17 
123 171 

1 074 
(1 9881 
735 
M292) 


1*2 

ICH« 

Jet A 

5126 

5641 

516.1 

(105.01 

(115.71 

(120.2) 

3.14 

3.02 

3 13 

(0.320) 

(0.308) 

(0.319) 

143 330 

168 770 

167 080 

(315 990) 

(372070) 

(369 360) 

10 850 

27 760 

32 700 

(23 1971 

(61 198) 

(72101) 

90 340 

95 350 

67 700 

1199 167) 

(2102MI 

(193 422) 

279 5 

2989 

2648 

(30091 

(3216) 

(3066) 

51.5 

53.6 

52.7 

(169.1) 

1175.91 

(172 9) 

640 

61.0 

600 

(210.0) 

(200 0) 

11)7.0) 

0.208 

0.50) 

0.611 

(0.202) 

10.4911 

(0.599) 

17.10 

18.21 

18.54 

(17 101 

08.:i) 

(18.54) 

ITS 890 

127440 

130 670 

(25 2791 

(28 650) 

(29 377) 

2 194 

2 441 

2 441 

(7199) 

(6010) 

(8009) 

69.6 

69.4 

63.4 

1135 31 

1135) 

(1351 

39.22 

40.61 

3760 

133.22) 

140.61) 

(37 60) 

0939 

0.761 

0.811 

(1 554) 

(1 410) 

11 SOI) 

585 

624 

629 

(1028) 

(1096) ( 

(1106) 



Mach 095 Cru.m 
8000 It TOFL 
and 135 knots 
Approach Sneed 

El feet dl Eettndmg 
TOFL and Approach Speed 
To 3200 m M0 500 It) and 
259 km (140 knots) 
hr 

Very Long Renge Aircraft 
at TOFL and Appro«n Speed of 
5486 m M2 (jCC ft) and 
259 km (|40 knots) 

hr 


Long flange 
<00 Pla 



Long flange 
400 pea 

Very Lang flange 
400 pea 

101 

86 km (5500 n 

mil 

} 10 186 km (5500 nmO 

18 520 km (10 000 n.mt.") 

L*2 

LCH« 

Jet A 

LM| 

LCMa 

>t A 

LH ? 

LCH 4 

Jet A 

5688 

5858 

610.3 

581 C 

559 1 

534 1 

634 7 

649.3 

681 5 

(11651 

M23 0I 

(125.0) 

■119.0) 

M35 0) 

'130 0! 

*116 6) 

1131.01 

<139.61 

3.20 

3 H 

3.19 

2J7 

2.31 

291 

2.69 

262 

2.62 

(0.326) 

(0320) 

(0.325) 

'0.3031 

'0 2971 

(02971 

<0.2741 

(0.267) 

<0.2671 

168 740 

225 580 

232 060 

167 120 

221 570 

223 320 

249 400 

497 770 

<76 230 

072 000) 

(497 300) 

(511 600) 

<368 4401 

(488 4TQi 

(492 320 

(549 830) 

II 097 370 

M 049 900) 

21620 

58 980 

72 530 

21 570 

58 900 

69 680 

50 740 

194 750 

212 120 

(47 6701 

1130 030) 

(159 900) 

(47 548) 

'129 852* 

<153 607! 

MI! 358) 

(429 350) 

<467 6411 

103 300 

116 170 

107 360 

10) 730 

112550 

101 890 

149 S40 

231 770 

190 880 

(227 7501 

1256 120) 

(236 700) 

(224 2801 

(241 1441 

'22< 620) 

(330 3481 

(5109E4I 

(420 812) 

236.8 

385 0 

380 2 

287 8 

336 1 

351 8 

438 1 

766 5 

698 7 1 

(3195) 

(41441 

(4093) 

■30961 

<36181 

<3787* 

(4716) 

<8251) 

17521) 

51 9 

58 9 

585 

50.9 

55 0 

56 3 

66 2 

89.6 

87 7 

(1700) 

1193.11 

(192 01 

M563I 

<180 5) 

<184 61 

217.21 

(294 0) 

'287.81 

65 7 

614 

60.0 

657 

61.4 

60.0 

BOS 

70 1 

686 

(215 6 

*201 31 

(197 01 

(215 61 

<201 31 

'197 01 

(264 0) 

<229 91 

(225.01 

0 206 

0.504 

0615 

0 206 

0 502 

0612 

0 206 

0.502 

0613 

'0202) 

(04941 

(0 603) 

(0 202) 

<0 4921 

(06C0) 

(0 202) 

(0.492) 

'0. 6011 

174 

1921 

19 13 

17)5 

18.70 

19 OC 

19 3 

21 86 

2284 

■1741 

U92I) 

1 19 13) 

M7 15I 

■18 701 

(19 C0> 

(1931 

(21 86) 

<2280 

13S 000 

177 033 

(85 030 

124 140 I 

161 320 

162 SOC 

165 530 

’ 325 820 

31 1 720 

(30 350) 

■39 8001 

'41 6001 

27 9101 | 

<36 259 ‘ 

16 555 

(37 6631 

(73 2501 

(70 0811 

2 440 

2 430 

2 431 

3 188 ! 

3 180 

3 195 j 

3 678 

3 636 

3 663 

|(8006i 

7973) 

(7976) 

<10 460) 

M0433) i 

(10 <82 j 

•12 0681 

Ml 930) 

((20191 

1710 

66.5 

653 } 

719 

?i)3 j 

664 

72 0 

72.0 

72.0 

j(138 0) 

M29.3I 

U27 0I j 

■139 8) 

<136.71 j 

-729 9' 

,14001 

(1399) 

<140.0) 

<3 39 

48 13 

44 53 | 

42 62 

16 59 : 

<2 34 

58 51 

85.21 

73 07 

j(<3 331 

148 TO) 

'4453) 1 

.4262) ; 

<*6.591 ! 

’4234i 

<58 541 

(85 21) 

(73 07) 

0869 

3 831 

0 907 ! 

3159 ' 

0.115 

0 87C 

0 982 

1 193 

1 227 

i<1 6091 

it 5381 

<1 6791 ( 

■1591* 1 

MSIGI j 

16H< 

it 8181 

12 2091 

2 2731 

1 636 

723 | 

759 

634 | 

722 j 

731 

821 

1313 

1224 

<1118) 

M2711 

*13341 I 

(115) I 

■1269) j 

<1285! 

0443) 

<23071 jt 

2151) 


* 1 0 000 n n*i tenge n ectuenv a 5000 n mi ■ hjhii ip a tending end return to point ot org.n 


i* 1 or* ora end > nerve luel ai 



TABLE 15. - PERCENTAGE REDUCTION OF COST AND WEIGHT FACTORS GAINED BY 
INCREASING TOFL AND APPROACH SPEED OF 400 PAX/ 10 186 km 
(5500 n.rai. ) AIRCRAFT 


Factor 

lh 2 

lch 4 

Jet A 

DOC 

% 

•1.1 

-1.8 

4.1 

Weight 

% 

-0.96 

-1.8 

-3.8 

Cost 

% 

* 1.8 

-3.1 

4.9 

Block Fuel 

% 

-0.26 

-0.14 

-3.9 


The second design aspect is the higher fuselage fineness ratio to 
provide a tail length to meet tail volume requirements for the Jet A air- 
plane. The third design aspect is that the Jet A has a higher aspect ratio 
wing for minimum DOC. 

The sensitivity of DOC to fuel cost is shown for the final designs at 
two payload /ranges in figures 29 and 30. The baseline DOCs shown there are 
also shown in table 14. 

The twin engine configuration for the short-range, 130-passenger /2778 m 
(1500 n.mi.) airplane is shown for reference in figure 31. All other con- 
figurations are conventional four-engine aircraft; principal characteristics 
for these aircraft are presented in table 14. Detailed summary sheets for all 
aircraft in the 400-passenger/10 186 km (5500 n.mi.) range category with a 
TOFL of 3200 m (10 500 ft) and an approach speed of 140 knots are shown in 
Appendix B. 

4.3 Benefits of Subcooling Fuel 

Subcooling of liquid methane can result in lower fuel losses from the 
aircraft, particularly venting losses during flight. Subcooling will also 
reduce insulation thickness and system weight and in turn can only be favor- 
able to DOC. The fuel cost savings do not offset the additional capital 
equipment expense, however; therefore, subcooling has not been added to the 
aircraft design. Further analysis with supporting data is provided in 
sections 8.3.3, 9.5 and 11. 
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Fuel Com 5/1.054 GJ ($/10 6 Btu) 

Figure 29. - Sensitivity of DOC to fuel cost, short-range aircraft. 



Fuel Com 5/1 .054 GJ (5/1 0 5 Btu) 

Figure 30. - Sensitivity of DOC to fuel cost, long-range aircraft. 



LINEAR DIMENSIONS IN METRES (FT OR IN) 




- Short range aircraft, 
130 passengers/2778 m 
(1500 n.mi. ) 


3810 Kg (8400 LB) EACH 


Figure 31. 
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5. STRUCTURAL DESIGN AND ANALYSIS 
OF 

METHANE FUEL TANKS 


The shape and size of the tanks in this study were determined not only by 
the fuel quantity required and the tank location but also by the fact that 
methane is cryogenic. Considerations of the thermal efficiency of the tank 
shape entered into the appraisal. For the 400-passenger/ 10 186 km (5500 n.mi.) 
range aircraft one-half of the fuel required can be carried in the most ther- 
mally efficient shape - a sphere. This is an advantage that can be attributed 
to the density, volume, and heating value characteristics of methane. A 
spherical forward tank was chosen for the following reasons: 

• It has the most thermally efficient shape for a cryogenic fuel 

• It provides volumetric efficiency as a container 

• The required fuselage diameter is available without further design 
problems or sacrifices 

• It is producible by available methods in the near term 

A discussion of the stress analysis and method of fabrication is the 
best way to describe the concept of the tank. This is only one of many 
possible design approaches. For the 1990 time period one would have, to 
look at the possibility of making a cryogenic fuel tank out of composite 
materials, but that task with its added design uncertainties was not ad- 
dressed during this investigation. 


5.1 Tank Structure 

A detailed investigation was conducted to establish a feasible design 
for the LCH 4 fuel tanks. The major design emphasis was placed on the forward 
tank (which is a spherical tank) because of its dissimilarity in design to 
those investigated in the hydrogen tank study, reference 4. This section 
presents results of this investigation. Design criteria and loads are estab- 
lished, major structural components for both the forward and aft tanks are 
described, and the results of the analyses are presented. 

5 .1,1 Structural design criteria .- The structural design criteria and loads 
defined in this section were developed to provide the basis for the evalua- 
tion of the candidate tank configurations and a level of structural safety 
equivalent to current transports for assessing structural mass trends result- 
ing from application of these criteria. Conditions representative of those 
critical for each component and type of loading have been selected; however, 
an exhaustive search for absolute maximums has not been carried out. 
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In general, the criteria are based on the structural requirements of the 
Federal Aviation Agency FAR 25, with specific criteria being the same as that 
used for the hydrogen tank study and for the L-10I1 aircraft. This section 
presents the following criteria: basic airplane performance data (airplane 

mass, design speeds, maneuver envelope, etc.), design pressure, emergency 
landing, combined loads, fatigue, and fail-safe. In addition, the design 
loads are presented for four flight conditions. 

5 *1*!*1 Airplane weight and inertia data .- The loads are based on the design 
weights shown in table 16. The inertia distribution data was estimated based 
on these weights and the basic geometry and layout of the configuration. The 
forward c.g. limit was assumed to be 20 percent MAC. Structural reserve fuel 
is 7 percent of total fuel, the same criterion as used on the L-I011 airplane. 

1*1*2 Design speeds. - The design speed-altitude variation is presented in 
figure 32. It is identical to that for the L-10I1 airplane. This figure 
shows the variation of cruise speed, dive speed and maneuver speed with 
altitude. 

• Design cruise speed, V c , is the maximum speed at which encounter of 
high- intensity nonstorm turbulence (U de = 15.2 m/s (50 fps)) must be 
considered. 


TABLE 16. - INITIAL VALUES, DESIGN WEIGHT SUMMARY 


Condition 

Weight 

kg 

Ibm 

Maximum Take Off Gross Weight 

231 300 

510 000 

Landing Gross Weight 

208 600 

460 000 

Operating Weight Empty 

1 ! 

117 900 

260 000 

1 j 

Structural Reserve Fuel 

5 400 

12 000 

Maximum Weight with Structural 

181400 

400 000 

j Reserve Fuel 



i 

| Minimum Flying Weight 

123 400 j 

272 000 




100 120 140 160 180 200 220 240 


vVT ~ EQUIVALENT AIRSPEED, m/s 
Figure 32. - Design speeds versus altitude. 

• Design dive speed, Vjj, is established so that the probability of 
inadvertently exceeding dive speed is extremely remote even while 
operating at maximum operating speed. 

• Design maneuver speed, V A , is determined from the aircraft stall 
characteristics. It is very near to the minimum speed at which the 
design limit load factor can be attained. 

5. 1.1.3 Maneuver envelope .- The maneuver envelope is a function of weight 
and altitude. At low speed, the attainable load factor is limited by weight 
and maximum lift. At speeds above V A , the allowable maneuver load factor is 
defined by FAR 25. 

5. 1.1.4 Design loads .- Based on the results of the hydrogen tank study, 
reference 4, only those conditions critical for design were investigated for 
this study. A positive low angle of attack (PLA) and abrupt pitching maneuver 
conditions are shown in figure 33. The design loads for two other conditions, 
a negative maneuver and the cruise condition, were approximated for the struc- 
tural analysis of the tanks. 

5. 1.1.5 Tank design pressures .- LCH^ tanks for the baseline aircraft were 
designed to operate at a nominal pressure of 145 kPa (21 psia). Factors 
required for cabin pressure (FAR 25) are assumed applicable to the tank design 
and the cruise altitude is assumed to be 11 600 m (38 000 ft). 
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Figure 33. - Fuselage aftbody limit loads, PLA and abrupt pitching 

maneuver conditions. 


p = 145 kPa (21.0 psia) 


The differential pressure (Ap) acting on the tanks is 


Ap 


p - p 


at 


P - atmospheric pressure 

a u 

The differential pressure was multiplied by a factor of 1.1 to account for 
relief valve tolerances to provide an operating pressure. Table 17 presents 
the operating pressures for the four flight conditions investigated for this 
study. 


P = l.lAp 
op 


• Differential pressure for combination with limit loads - A limit pres 
sure, equal to the operating pressure plus the inertia head of the 
fuel, is combined with the limit loads due to maneuver or gusts 




TABLE 17. - METHANE TANK OPERATING PRESSURES 


Conditions 

Alt 
m (ft) 

**nom 

kPa 

(psia) 

P atm 

kPa 

(psia) 

AP 

kPa 

(psi) 

P op 

kPa 

(psi) 

Positive Low 

6 700 

144.8 

42.7 

102.0 

1114 

Angle 

(22 000) 

(21.0) 

(6.2) 

(14.8) 

(16.3) 

Pitch 

C 1 

144.8 

101.4 

43.4 

47.6 

Maneuver 

o.L. 

(21.0) 

(14.7) 

(6.3) 

(6.9) 

Negative 

6 700 

144.8 

42.7 

1010 

112.4 

Maneuver 

(22 000} 

(21.0) 

(6.2) 

(14.8) 

(16.3) 


10 700 

144.8 

23.4 

121.3 

133.8 

Cruise 

(35 000) 

(21.0) 

(3.4) 

(17.6) 

(19.4) 


p limit P op + P in 


• Differential pressure for combination with ultimate loads - An 

ultimate pressure that corresponds to the limit pressure multiplied by 
1.50 was defined for combining with the ultimate loads due to ma- 
neuver or gusts. 


P ult 


1.50 x p 


limit 


• Ground test differential pressure - A proof pressure corresponding to 
the operating pressure multiplied by 1.33, was specified. No detri- 
mental deformation shall result from this condition. 


P 


proof 


1.33 x p 

op 


A burst pressure equivalent to the operating pressure multiplied by 2, was 
defined. Catastrophic failure of the tank shall not occur. 


P 


burst 


2.00 x p 

r op 
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5. 1.1 . 6 Emergency landing condition. - The following ultimate inertia load 
factors (FAR 25.561) were applied to the tank suspension system and fuel 
within the tank. Each load factor was applied on an arbitrary independent 
condition. 


upward : 

n ** 

2.0 

forward: 

n * 

9.0 

s ideward : 

n * 

1.5 

downward: 

n = 

4.5 


5. 1.1. 7 Combined loads criteria .- Flight loads and tank pressure stresses 
were combined as specified. 

• The factor of safety, as defined for the loads and pressures in the 
foregoing section, was used to combine the loads and form the final 
stress resultants. 

• For compression design, the tensile force produced by the internal 
pressure was ignored and only the shear and/or compressive forces 
produced by the external loads were considered. 

• For tension design, the sum of the membrane forces produced by the 
internal pressure and external loads was considered. 

• The flight and ground conditions considered are specified in 
table 18 with the design levels (factors of safety) of the load 
and pressure environment defined. 

5.1.2 Fatigue design criteria .- Fatigue design requirements can be met by 
limiting the permissible design tension stress of the tank for the ultimate 
design and operating conditions. The tension allowables for the LCH 4 tanks 
were based on the results of the LH 2 tank study (reference 4 ). 

The circumferential design stress for the operating condition reflects 
the fatigue effects of the constant amplitude pressure loading occurring 
once per flight for the life of the airplane. For the methane tanks, where 
the surface temperature of the tank at the liquid line is approximately 
114 000(-254°F), a circumferential design allowable stress of 117.2 MPa 
(17 000 psi) was used for the operating condition. This value is approxi- 
mately 14 percent higher than the 103.4 MPa (15 000 psi) allowable stress 
currently being used for conventional aluminum transports and is based on the 
increase in material strength (both yield and ultimate strength) of 2219 
aluminum at 114 000(-254°F). The corresponding ultimate design stress level 
for the biaxially loaded tank wall is 172.4 MPa (25 000 psi), i.e., 1.50 times 
the operating allowable. 
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TABLE 18. - COMBINED LOADS AND INTERNAL PRESSURE CRITERIA 


- 

Condition 

External 

Loads 

Internal 

Pressure 

Operating 

Limit 

Limit 

(Cruise Cond.) 



Limit Design 

Limit 

Limit 

Ultimate Design 

Ultimate 

Ultimate 

Fail-Safe Design 

Limit 

Limit 

Emergency Landing 

Ultimate 

Ultimate 

Proof Test 

- 

Proof 

Burst 

- 

Burst 


The ultimate circumferential design stress level for uniaxially loaded 
tank structure, such as frames, was defined by multiplying the current alumi- 
num value of 241.3 MPa (35 000 psi) by the cryogenic temperature correction 
factor of 1.14. A value of 275.8 MPa (40 000 psi) was used for this study. 

A summary of the methane tank design allowables is shown in table 19 
which also includes the relative values of the hydrogen system design. The 
methane allowables are lower in all cases because of the difference in 
temperature, i.e., the allowable stresses for 2219-T851 increase with de- 
creasing temperature. 

5.1.3 Fail-safe design criteria. - The objective of the fail-safe (damage 
tolerance) design criterion is to ensure that flight safety is maintained 
in the event of structural damage of reasonable magnitude. Such damage may 
arise from fatigue as well as accidental impact or other sources. 

The tank structure must be capable of supporting the operating pressure 
loads and appropriate fail-safe loads for accidental damages equivalent to a 
30.5 cm (12.0 in.) through-the-thickness crack anywhere in the structure, 
including members attached to the structure across the damaged section. The 
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TABLE 19. - CIRCUMFERENTIAL DESIGN STRESSES 


Design Condition 

Stresses 
MPa (ksi) 

lh 2 

20 K(-423°F) 

lch 4 

114 K(-254°F) 

Ultimate Condition 



Tank Wall 

255 (37) 

172 (25) 

Tank Substructure 

310 (45) 

276 (40) 

Operating Condition 



Tank Wall 

172 (25) 

117(17) 


fail-safe loads shall be equal to the maneuver and gust loads that can reason- 
ably be expected during completion of the flight in which the d ama ge occurred. 
Fail-safe for the remainder of the structure shall be designed to meet the 
fatigue and damage tolerance requirements of FAR 25.571. 


5.2 Tank Design 

The location and shape of the methane tanks are shown in figure 34. The 
forward tank is a nonintegral tank (i.e., the tank is simply a fuel container 
and does not participate in the support of the body loads) which is spherical 
in configuration. The aft tank is an integral design (i.e., tank serves both 
as a fuel container and also supports the body loads) which is a frustrum of 
a cone in configuration. Both tanks were considered to be weldments, to 
reduce the possibility of leakage, and 2219 aluminum was selected for the 
material system. This alloy was selected because of its ductility of cryogenic 
temperatures, as well as its weldability, formability, stress corrosion resis- 
tance, and its high fracture toughness and resistance to flaw growth (refer- 
ences 9 and 10). 

A descripticn of the tank designs and the stress analysis conducted on 
their major components are presented in the following section. Design criteria 
and flight loads as specified in the previous section were used as the basis 
for design. 
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Figure 34. - General arrangement drawing. 


5.2.1 Forward tank .- The forward tank design is premised on the criteria 
defined for the hydrogen tank study (reference 4). Some basic design con- 
cepts of this tank are illustrated in figures 35 and 36 with some of the 
general design requirements listed below: 

• The tank is spherical in configuration and is a 2219-T851 aluminum 
alloy weldment. 

• An unstiffened wall configuration is postulated with fail-safe straps 
provided for damage tolerance capability. 

• The nominal tank pressure and pressure schedule as defined in the 
design criteria are applicable for the design of the forward tank. 

• Similarly, the design tension allowables specified in the criteria 
section are also applicable. 

The design pressures are shown in table 20 for the flight conditions 
and emergency landing condition specified for this study. The limit and 
ultimate design pressures contain the inertia head component and are displayed 
at three tank locations, i.e., top, mid, and bottom. These pressures were 
used to define the minimum tank wall thicknesses. 
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TANK WALL 
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Concept of primary supporting structure for forward tank. 
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TABLE 20. - FORWARD TANK DESIGN PRESSURES 




Load^ 

Factor 

(Limit) 

Operating^ 

Design Pressure kPa(psi) 


Altitude 

Pressure 

p op 

kPa(psi) 

D 

P limit 

p ultimate 

Flight Condition 

m(ft) 

n 

Top 

Mid 

Bottom 

Top 

Mid 

Bottom 

Positive Low Angle 
of Attack (PLA) 

6 700 
(22 000) 

+2.5g 

112.4 

(16.3) 

112.4 

(16.3) 

141.3 

(20.5) 

170.3 

(24.7) 

168.2 

(24.4) 

212.4 

(30.8) 

255.8 

(37.1) 

Pitching Maneuver 

Sea Level 

+1.0g 

47.6 

(6.9) 

47.6 

(6.9) 

59.3 

(8.6) 

71.0 

(10.3) 

71.7 

(10.4) 

88.9 

(12.9) 

106.2 

(15.4) 

Negative Maneuver 

6 700 
(22 000) 

-1.0g • 

112.4 

(16.3) 

135.8 

(19.7) 

124.1 

(18.0) 

112.4 

(16.3) 

204.1 

(29.6) 

186.2 

(27.0) 

168.2 

(24.4) 

Cruise 

10 700 
(35 000) 

+1.0g 

133.8 

(19.4) 

133.8 

(19.4) 

145.5 

(21.1) 

157.2 

(22.8) 

200.6 

(29.1) 

217.9 

(31.6) 

235.8 

(34.2) 

Emergency Landing 

Sea Level 

+9.0g l1) 

47.6 

(6.9) 

- 

- 


176.5 

(25.6) 

280.6 

(40.7) 

176.5 

(25.6) 

(1) All values are limit vertical load factors (n^) except for the emergency landing value which is an ultimate forward load factor (n x ). 


(2) Operating pressures as specified in the structural design criteria. 






<3) P limit = P op + 1 V h,: w ' ,ere Ph = 1L65kPa/g(1.69 psi/g) one-half depth (radius) 

23.24kPa/g(3.37 psi/g) full depth (diameter) 





^ ^ultimate ™ ^ x 

p limir exce P t f° r emergency landing condition where Pjjlj = 1.5 x p Q p + n y Ph 






5. 2.1.1 Basic shell.- Table 21 presents the results of the membrane sizing 
of the forward tank and excludes any damage tolerance requirements. This 
table s umma rizes the wall thickness requirements for the various design con- 
ditions and also specifies an assumed minimum manufacturable wall thickness. 
The critical criterion is the ultimate design condition where the top of the 
tank is designed by the negative maneuver condition and the mid and bottom 
locations are designed by the cruise and PLA conditions, respectively. A 
gross area tension allowable of 172.4 MPa (25 000 psi) was used for this anal- 
ysis. The wall thicknesses range from a minimum value of 0.165 cm (0.065 in.) 
at the top of the tank to a maximum of 0.208 cm (0.082 in.) at the bottom. • 

A fail-safe analysis was conducted to ensure that the forward tank in 
the presence of an assumed damaged is capable of supporting 100 percent of the 
limit load. The analytical methods used for this evaluation are identical to 
those used for the hydrogen tank study and can be found in reference 11. 

The residual strength of the tank was evaluated for several crack lengths 
with and without fail-safe straps. Table 22 illustrates these results with 
the first row of calculations at each location reflecting the shell thickness 
required to sustain a 30.5-cm (12.0-in.) long crack without straps. Wall 
thicknesses ranged from 0.401 cm (0.158 in.) at the top, to approximately 
0.508 cm (0.200 in.) at the bottom location for this unreinforced condition. 
The remaining calculations on this table present the strap requirements (area 
and spacing) to maintain a damage-tolerant tank using the wall thickness dic- 
tated by the membrane analysis (table 21). Maximum strap areas of 3.55 cm 
(0.55 in. 2 ) and 2.77 cm 2 (0.43 in. 2 ) are noted at the bottom of the tank for 
strap spacings of ! 40.0 cm (15.76 in.) and 27.5 cm (10.84 in.), respectively. 
Smaller strap areas are indicated for these s_pacings at the other tank loca- 
tions. In addition, the effective thickness t (sum of the skin thickness and 
the strap area divided by its spacing) is shown for each spacing analyzed. 

The straps spaced at 40.0 cm (15.76 in.) appear to offer the least weight 
design and were chosen for this application. 

The results of the skin-sizing and fail-safe analyses are summarized in 
table 23.- These values reflect the maximum skin thickness requirements 
defined in table 21 for the ultimate design condition and the strap areas 
specified in table 22 for the limit design fail-safe condition. These anal- 
yses are based on the same combinations of flight conditions, but with dif- 
ferent factors of safety. The variation of wall thickness and strap area for 
the forward tank is illustrated in figure 37. 

The skin thickness of the shell varies from top to bottom, but is in- 
variant in thickness around the vertical axis. The strap spacing of 40.0 cm 
(15.76 in.) occurs at the equators of the top and bottom trunnions and the 
side trunnions, see figure 36. The straps in both of .these directions will 
converge at the trunnions with a sufficient number of straps removed for 
practical reasons. 
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TABLE 21. - MINIMUM SKIN THICKNESSES FOR FORWARD TANK (1) 
(EXCLUDES DAMAGE TOLERANCE CONDITIONS) 


Operating Condition ^ 



Ultimate 

Design Condition^ 


(1) Basic equation 


where 


design pressure 

adius = 280.4 cm( 11 0.4 in.) 
allowable stress 


(2) Operating condition, limit cruise pressures 
117.2 MPa(17 000 psi.) 

(3) Maximum ultimate design pressures 
= 172.4 MPa(25 f 000 psi.) 


Burst Condition^ 


Emergency 

[iinn f!nnriitinn (5) 


^ F burst = 2.0 x max. Ig pressures 

F ■ 0-90 F tu = 0.90 x 427.5 MPa 

= 384.7 MPa(55 800 psi.) 

(5) Sea level pressures (ult) with 9.0g inertia load 
F = 0.90 F tu = 384.7 MPa(55,800 psi.) 


Minimum Manufacturable 


p 

kPa (psi) 

t 

cm (in.) 

P 

kPa (psi) 

t 

cm (in.) 

P 

kPa (psi) 

t 

cm (in.) 

P 

kPa (psi) 

t 

cm (in.) 

204.1 

(29.6) 

0.165 

(0.065) 

267.5 

(38.8) 

0.096 

(0.038) 

176.5 

(25.6) 

0.064 

(0.025) 


0.127 

(0.050) 

217.9 

(31.6) 

0.178 

(0.070) 

291.0 

(42.2) 

0.107 

(0.042) 

280.6 

(40.7) 

0.103 

(0.040) 

_ - 

0.127 

(0.050) 

255.8 

(37.1) 

0.208 

(0.082) 

314.4 

(45.6) 

0.114 

(0.045) 

176.5 

(25.6) 

0.064 

(0.025) 

- 

0.127 

(0.050) 








TABLE 22. - FAIL-SAFE REQUIREMENTS FORWARD TANK 


Tank 

Location 



Strap 

Spacing 

b 

cm (in.) 


40.03 

(15.76) 

27.53 

(10.84) 


40.03 

(15.76) 

27.53 

(10.84) 


40.03 

(15.76) 

27.53 

(10.84) 


Crack 
Length 
/ = 2b 
cm (in.) 


55.07 

(21.68) 

30.50 

( 12 . 00 ) 

80.09 

(31.53) 

55.07 

( 21 . 68 ) 

30.50 

( 12 . 00 ) 

80.09 

(31.53) 

55.07 

(21.68) 




2 ST 

Where: 

Ko = Stress intensity factor, Ko = 527.4 MPa /cm (48000 psi /Tm) 
7 = Reinforcement efficiency = 1.00 for unreinforced shell (no straps) 
/ = Crack length 


2.84 

(0.440) 

2.26 

(0.350) 


3.03 

(0.470) 

2.39 

(0.370) 


2Ae 

Reinf. 

Effic. 

y 

cm (in.) 

- 

1.00 

34.39 


(13.54) 

2.72 

27.36 


(10.77) 

2.19 

: 

1.00 

34.11 


(13.43) 

2.71 

26.85 


(10.57) 

2.18 

- 

1.00 

34.06 


(13.41) 

2.71 

26.64 


(10.49) 

2.18 



47.6 
(6 900) 
80.0 
(11 600) 
77.9 
(11 300) 

47.6 
(6 900) 
80.0 
(11 600) 
77.2 
(11 200 ) 

47.6 
(6 900) 
80.0 
(11 600) 
77.2 
(11 200 ) 



(0.117) 

0.310 

( 0 . 122 ) 



47.6 
(6 900) 
80.0 
(11 600) 
77.2 
(11 200 ) 

47.6 
(6 900) 

80.7 
(11 700) 

77.2 
(11 200) 


00 

Ul 
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TABLE 23. - SUMMARY OF SKIN THICKNESS AND FAIL-SAFE STRAP REQUIREMENTS - 

FOR FORWARD TANK 




Skin Thickness 

Fail-Safe Requirement 

Location 


Ult Oes 

*s 

Limit 

Strap 

Strap 


Press 

Req'd 

Des Press 

Spacing 

Area 

on Tank 

Fit Condition 

kPa (psi) 

cm (in.) 

kPa (psi) 

cm (in.) 

cm 2 (in 2 ) 

Top 

Negative Maneuver 

204.1 


MM 


2.84 


-I.Og 
6 700 m 
(22 000 ft.) 

( 29.6) 

1 

S3 

mm 

(0.440) 

Equator 

Cruise 

217.9 

0.178 

145.5 

40.03 

3.03 


+1.0g 
10 700 m 
(35 000 ft.) 

( 31.6) 

(0.070) 

( 21.1) 

(15.76) 

(0.470) 

Bottom 

Positive Low Angle 

255.8 


170.3 

40.03 

3.55 


2.5g 
6 700 m 
(22 000 ft.) 

( 37.1) 

(0.082) 

( 24.7) 

(15.76) 

(0.550) 

, 


SKINTHICKNESS F-S STRAP AREA 



Figure 37. - General dimensions of forward tank. 
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5.2. 1.2 Reinforcement rings. - Three internal rings are used as the basic 
support structure for the forward tank (figure 35). These rings not only 
support the shell but also provide trunnion fittings at the poles and sides 
for supporting the tank within the fuselage. The premised fabrication tech- 
nique, which is described more fully in a later section, is that of a weldment 
using 2219-T8511 aluminum alloy extrusions. 

The critical design condition for the ring structure is the emergency 
landing condition as specified by FAR 25.561. The appl ication of the 9-g 
forward inertia load factor to the weight of a full tank, 36 300 kg 
(80 000 lbm) , results in the most severe design condition for the ring. Fig- 
ure 38 illustrates the inertia force, n x W ■ 3 200 kN (720 000 lbf), applied 
on the tank and the assumed equally distributed reaction forces at the trun- 
nions. The sketch at the right of this figure presents the forces and moments 
on a single reinforcement ring. The moments were caused by the offset, 

11.4 cm (4.50 in.), between the trunnion reaction point and the frame center 
of gravity. 

Rigid ring theory was postulated for the development of the internal 
loads within the ring. Formulas for the bending moments, axial forces and 
shears of closed circular rings were taken from reference 12. By super- 
position, the individual loading conditions were combined to obtain the final 
condition. Figure 39 presents the free-body diagrams for these conditions. 

The first condition reflects a symmetrically supported ring uniformally loaded 
by the inertia force 800 kN (180 000 lbf), case 19 of reference 12. A ring 
loaded by two equal and opposite localized couples. Mg, is shown in the second 
sketch, case 3 of the reference. The third condition reflects a symmetrically 
supported ring carrying half the inertia force, 801 kN (180 000 lbf) trans- 
ferred by tangential shear, case 24 of the reference. The last sketch illus- 
trates the final load state obtained by the superposition of the three pre- 
vious conditions. The axial loads, shears and bending moments on the ring for 
the combined conditions are shown in figure 40. For clarity, only the forces 
and moments for one-half of the symmetrically loaded ring are shown. 

The rings were subjected to a strength analysis to define the section 
properties of the cross section, at various circumferential locations. An 
I-section stiffener was employed for the ring configuration. The area A and 
section modulus Z (I/C) of the stiffener as a function of the flange thickness 
tf are shown in figure 41. The stiffener height b w and flange width 2bf were 
preselected and held invariant for the analysis at values of 10.2 cm (4.00 in.) 
and 6.35 cm (2.50 in.), respectively. In addition, the web-to-flange thick- 
ness ratio (t w /tf) was held constant at a value of 0.70. The ring has larger 
cross-sectional dimensions (increased height and width, and greater flange 
thickness) in the vicinity of the trunnion. 

The allowable compressive stresses for the complete cross section of the 
stiffener are presented in figure 42. The ultimate tension strength (F tu ) 
of 2219-T8511 aluminum was used for the tension allowable. Table 24 provides 
a summary of the results of the ring structural analysis. This table shows 
the circumferential location being analyzed and the corresponding loads at 
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Figure 38. - Applied ring loads on the forward tank. 


that location, the required cross-sectional properties of the ring, a summary 
of the axial and bending stress analyses, and the margin of safety. 


5.2. 1.3 Pin and trunnion *- A drawing of the tank suspension system is 
shown in figure 43. The pin has a diameter of 6.99 cm (2.75 in.) and is 
made from 321 (1/2 hard) stainless steel. The trunnion is fabricated from 
2219-T81 aluminum alloy. 


The design of these components is dictated by the emergency landing 
condition as specified in FAR 25.561. The 9-g forward inertia load factor 
caused the most severe loading condition. The inertia force for a full tank, 
3200 kN (720 000 lbf), was equally distributed to the four trunnion i.e., 

801 kN (180 000 lbf) per trunnion. The resulting load, shear, and moment 
diagrams on the pin are: 


801 kl\l 
(180 kips) 


6.35 cm 
(2.5 in.) 
t 

1301 kN 
(292.5 kips) 

801 kN 
(180 kips) 

! 

10.2 cm 
(4.8 in.) 

_1_ 

500 kN 
(112.5 kips) 



500 kN (112.5 kips) 


LOAD SHEAR 


, 5084 kN-cm 
' (450,000 in. - lbf) 
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MOMENT 



SUPPORTED AT THE SIOES 
LOADED BY TANGENTIAL 
SHEAR FORCES 


FINAL LOADING 














STRESS (ksi) 


SECTION 
MODULUS (Z)< 


rAREA (A) 


< 15 


r ._i 

b w = 10.16 cm b w 


40 m' 


(4.00 in.) 


6.35 cm 

1 (2.50 in.) 7^ 

0.70 0.80 


rH FT 


w 

— =0.70 


0.90 1.00 


FLANGE THICKNESS, t f ,in. 

Figure 41. - Section property data for reinforcement rings. 
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Figure 42. - Compression design allowables for reinforcement rings 
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TABLE 24. - STRUCTURAL ANALYSTS OF REINFORCEMENT RING FOR FORWARD TANK 
Internal Loads 0 ] [ Ring Properties 01 Axial Stress Bendin 


Location 


P 

kN (Ibf.) 


V 

kN (Ibf.) 


Ring Properties' 


Axial Stress 


(11.8 x 10 ) 
117.5 

(26.4 x 10’) 


23.7 
(5 330) 


-116.5 

67.4 x 10’) I (-26 200) 

-116.5 
(-67.4 x 10*) (-26 200) 

-143.0 23.7 

(-32.2 x 10 *) (5 330) 

-52.5 0 

(-11.8 x 10’) 



Bending Stress 


(1) Circumferential Location 


(-171 x 10 J ) (0.375) (0.262) 


25.3 

(224 x 10 3 ) 


1.110 0.777 

(0.437) (0.306) 


l/C 

cm 3 

(in. 3 ) 

f c,t 

MPa 

(ksi) 

F c.t 

MPa 

(ksi) 

R c ,t 

M u 

kN • m 
(in.-lbf.) 


29.6 

(4.30) 

439.9 

(63.8) 

■ 

27.12 

(240 x 10 3 ) 


79.3 

(11.50) 

439.9 

(63.8) 

H 

22.82 

(202 x 10 3 ) 

141.4 

(8.63) 

93.1 

(13.50) 

439.9 

(63.8) 

a 

66.32 

(587 xIO 3 ) 

141.4 

(8.63) 

-93.1 

(-13.50) 

-303.4 

(-44.0) 

m 

66.32 

(587 x 10 3 ) 

62.4 

(3.81) 

-814 

(-11.80) 

-333.0 

(-48.3) 

0.24 

27.12 

(240 x 10 3 ) 

70.9 

(4.33) 

-26.2 

(-3.80) 

-351.6 

(-51.0) 

0.07 

30.8 

(272.8 x 10 3 ) 






(2) All ring sections have a web height and flange width of 10.16 cm (4.00 in.) and 
6.35 cm (2.50 in.), respectively. The exception occurs at o = 1.57 rad (90 deg.) 
where the ring height is 12.7 cm (5.00 in.). 

(3) The interaction equation for combining the 
tension and bending stresses is contained in 
SM53 of reference 13. 


BOTTOM 


SIGN CONVENTION 


t * 


r 


» * 























The 6,99 cm (2.75 in.) diameter pin has the following cross-sectional 
properties 


Area (A) = 38.3 cm^ 

Section Modulus (Z) 
Section Factor (K) 


(5.94 in. 2 ) 

- 33.4 cm 3 (2.04 in. 3 ) 

= 1.70 



(2.75 in.) 


The pin was analyzed for the combined bending and shear loads using the 
plastic bending theory described in reference 13. The bending analysis for the 
321 (1/2 hard) stainless steel pin is: 

Fg = 165.5 kN/cm 2 (240 000 psi) 

t b = J = yip T = 152.2 kN/cm 2 (220 000 psi) 
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Che stress ratio in bending is 


■> ' ^ 


0.92 


the maximum shear stress at the neutral axis is 


1.38 y 
A 


~38?3 801 = 28,9 kN/cm2 < 41 800 Psi.) 


the material strength and stress ratio are 

2 


su 


53.1 kN/ era (77 000 psi.) 
0.54 


28.9 

53.1 


Using the interaction curve shown in figure 33 of reference 13 the 
margin of safety is 


M.S . 


0.94 

0.92 


+ 0.02 


5.2. 1.4 Fabrication method .- A method of fabricating the forward tank is 
discussed in this section. This method is not the only method available 
but it does present a feasible approach for fabricating a cryogenic tank 
for the time period under consideration. 

The fabrication of the ring support structure is as follows, figure 35: 

• Ring C is extruded in two 3.14 rad (180 deg.) sections each about 
9.1 m (30 ft.) long. The ends are butt welded to the rim of the 
trunnion fitting, top and bottom. 

• Rings A and B are extruded in four 1.57 rad. (90 deg) quadrants 
(total of eight pieces) each about 4.6 ra (15 ft) long. The ends 
are butt welded to Ring C or to the trunnion rim as indicated. 

The ring frame support structure is the basic building block and is com- 
pletely fabricated prior to welding on the tank wall segments. 

The shell quadrants are built up with two skin panels per 1.57 rad 
(90 deg) quadrant, a total of 16 panel segments for the sphere, i.e., 
each panel subtends 0.785 rad (45 deg) at the equator. Each panel segment 
is stretch formed from the maximum thickness requirement and then chemmilled 
and trimmed per figure 44. 


94 



The fail-safe straps are also formed as panels to match the skin segments 
They are stretched formed from the maximum thickness required to mate with the 
outside diameter of the surface of the skin panel. They are shown in fig- 
ure 45. The fail-safe straps are then welded to the skin panel. 

The next step in this process is to fusion weld two skin segment panels 
forming a 1.57— rad (90-deg) quadrant as shown in figure 46. A welding tab 
is used (and removed after welding) to fusion butt-weld the two segments 
together. Fillet welds are used to attach the ends of the fail-safe straps 
to the reinforced area of the skin panels. A total of eight quadrant panel 
subassemblies are required for the tank. 

The final assembly is to weld quadrant panel subassemblies to the ring 
support structure as shown in figure 47. The type of welds and a typical 
welding sequence are indicated on this figure. 

5.2. 1.5 Final design .- The general design of the forward tank is shown in 
figure 48. The major structural components of this spherical tank are 
shown to illustrate the feasibility of the design. A proposed method of 
fabrication was described in the previous section. 


LAPS NORTH/SOUTH 



Figure 44. - Typical skin panel for forward tank. 
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Figure 45. - Fail-safe strap and skin panel layout for forward tank. 



Figure 46. - Quadrant panel assembly for forward tank. 
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Figure 47. - Final weld-up of forward tank. 


The basic shell is an unstiffened wall configuration fabricated from 
2219-T81 aluminum alloy sheet. The wall thickness is variable in the 
meridional direction and constant in the longitudinal direction. The wall 
thickness ranges from 0.208 cm (0.082 in.) at the lower pole (bottom trunnion) 
to 0.165 cm (0.065 in.) at the upper pole. 

Straps fabricated from 2219-T81 aluminum alloy sheet are spot welded 
to the external surface of the shell to provide fail-safetiness. These - 
flat straps are made in an integral grid pattern with a variable thickness 
and a constant width of 7.62 cm (3.00 in.). A grid spacing of 40.0 cm 
(15.76 in.) is maintained at the equator and the meridian contained in the 
airplanes X-Z plane. 

Internal support for the shell is provided by three internal rings 
fabricated from 2219-T8511 aluminum extrusions. These rings have an 
I-section configuration with trunnions provided to support the tank within 
the fuselage. A solid stainless steel (321 SS) pin is provided at each 
trunnion to interface with and transfer load to the adjacent fuselage 
support structure. Bearings in the trunnion, besides their obvious load 
carrying capabilities, provide a smaller contact area with the tank and 
reduce the possibility cf heat leaks. 
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5.2.2 Aft tank .- The approach taken in the design of the aft methane tank 
was to utilize the results of the hydrogen tank study (reference 4), which 
has the same tank configuration, and modify the design to account for the 
differences in fuel. A sketch of the general tank design is shown in 
figure 49 with some of the design features as follows: 

• An integral tank design with a conical configuration 

• The tank is a 2219— T851 aluminum alloy weldment with an 
integrally stiffened wall configuration and circumferential rings. 

• The nominal tank pressure and pressure schedule as defined in the 
design criteria are applicable for this design 

• Design tension allowables specified in the design criteria section 
are also applicable 

Selective regions on the aft tank were chosen for conducting point 
design structural analysis. These point design regions correspond to the 
tank one-quarter and three-quarter span locations (i.e. , one-fourth and 
three- fourths of the distance between the equators of the two closures) 
and are defined as FS 2038 and FS 2123 on figure 49. Zee— stiffened wall 
configurations were used on the upper and lower quadrants of the shell at 
the point design regions. The blade-stiffened configuration was employed 
on the side quadrants of the shell at these regions. 

The design pressures for the aft tank are shown in table 25. The design 
factors and operating pressures are specified in the design criteria section. 
The limit and ultimate design pressures contain the inertia head component 
and are displayed at three circumferential locations at each point design 
region. 

The point design internal load environment is shown in table 26. This 
table presents the axial and hoop stress resultants (limit) for the two 
point design regions. The net axial stress resultant is composed of the sum 
of the axial stress resultants due to the external applied body loads and 
the internal pressurization. The exception being the maximum net compressive 
force condition where, as specified in the structural design criteria sec- 
tion, the tension forces due to the internal pressurization are neglected. 

The internal forces caused by the external bending moment were premised to 
be reacted at the upper and lower quadrants of the shell; whereas, the shear 
load is reacted at the side quadrants. 
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S. 2.2.1 Basic shell.- Table 27 presents the results of the membrane sizing 
of the skin for the aft tank; damage-tolerance requirements were excluded. 
These data reflect the wall thickness requirements for the various design 
conditions and also specifies an assumed minimum manufacturable thickness 
of 0.127 cm (0.050 in.). The critical design condition is the ultimate con- 
dition where maximum skin thicknesses of 0.320 cm (0.126 -n.) and 0.282 cm 
(0.111 in.) are noted on the tank bottom at fuselage stations 2038 and 2123, 
respectively. At the mid-panel locations, the maximum principal stress was 
compred to the pertinent design allowable to assess the skin thickness 
requirements. 

The fail-safe criterion as specified in the design criteria was applied 
to the aft tank to ensure that flight safety is maintained in the event of 
structural damage. The residual strength of the shell with an assumed cir- 
cumferential crack was used to define the extensional thickness (t) of the 
tank wall and the need for longitudinal fail-safe straps. The longitudinal 
damage condition which predicates the necessity for hoop straps is described 
in the frame analysis section. Table 28 displays the results of the cir 
cumferential damage evaluation. The method of analysis is identical to that 
used for the forward tank, analysis and the limit loads are specified for the 
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TABLE 26. - POINT DESIGN INTERNAL LOAD ENVIRONMENT FOR AFT TANK 


flight 

Condition 

PLA 

Pitch. Man. 
Nag. Min. 
Cruise 

PLA 

Pitch. Man, 
Neg. Man. 
CruUa 


Shall 

Dimensions 


D 

cm (in.) 


h 

cm (in.) 


Shear Flow 
(Limit) 


(1X2) 


S, 

kN(lbl.) 

-1 023 
(-230 x IQ 3 ) 
-1290 
(-290* 10 3 ) 
387.0 
(87 x 10 3 ) 
-51 6J) 
(-116x10 J ) 


kN/m (IbUin.) 

157.3 . 

(898) 
mi 
(1 132) 
59.4 
(339) 
79.3 
(453) 


External Load 



My 

UNm, 
10 6 (in-lb.) 

6.418 

(56.8) 

6.418 

(56.8) 

-1.932 

(-17.1) 

2.565 

(22.7) 

4.113 

(36.4) 

4.113 

(36.4) 
-1.232 
(-10.9) 
1.633 

(14.5) 


kN/m (lbf_/in.) 

±431.5 
(±2 464) 
±431.5 
(±2 464) 
±129.9 
(±742) 
±172.5 
(±985) 

±337.1 
(±1 925) 
±337.1 
(±1 925) 
±100.9 
(1576) 
±134.3 
(±767) 



A«UI Fore. (Limit). N," 1121131 



Hoop Forca (Limit), N tf 



Pressure Load 

.... 

Nit Load [ 

Pressure Load 


Top 

kN/m (IbUin.) 

Mid 

kN/m (IbUin.) 

Bottom 
kN/m (IbUin.) 

Top 

kN/m (Ibf./in.) 

Mid 

kN/m (IbUin.) 

Bottom 
kN/m (IbUin.) 

Top 

kN/m (Ibf/mJ 

Mid 

kN/m (fcUinJ 

Bottom 
kN/m (fcUin.) 

129.2 

(738) 

54.8 

(313) 

151.5 

(865) 

153.9 

(879) 

157.1 

(897) 

65J 

(376) 

140.4 

(802) 

165.0 

(942) 

184.1 
(1051) 

76.9 

(439) 

129.2 
(738) 

176.2 
(1 006) 

560.8 
(3 202) 

486.3 
(2 777) 
-129.9 

(-742) 

326.4 
(1864) 

157.1 

(897) 

65.8 

(376) 

140.4 

(802) 

165J0 

(942) 

-431.5 
(-2 464) 
-431.5 
(-2 464) 
259.2 
(1 480) 
-172.5 
(-985) 

258.7 
(1 477) 
109.4 
(625) 
303.0 
(1 730) 
307.9 
(1758) 

314.2 
(1 794) 
131.7 
(752) 
280.9 
(1 604) 
330X1 
(1884) 

368.1 
(2 102) 
153.9 

(879) 

258.7 

(1477) 

352.2 
(2011) 

116.9 

(667) 

49.4 

(282) 

134.8 

(770) 

139.1 

(794) 

139.1 
(794) 
58. B 
(336) 
126.3 
(721) 
147 A 
(844) 

161.9 

(926) 

67.4 

(385) 

116.8 

(667) 

157.1 

(897) 

453.9 
(2 592) 
38S.S 
(2 207) 
-100.9 
(-576) 
273.4 
(1561) 

139.1 

(794) 

58.8 
(336) 
126.3 

(721) 

147.8 
(844) 

-337.1 
(-1 925) 
-337.1 
(-1 925) 
217.7 
(1 243) 
•134.3 
(-767) 

233.8 
(1335) 
98JI 
(565) 
270.0 
(1540) 
278.3 
(1 S89) 

278.3 
(1 589) 

117.7 

(672) 

252.4 
(1441) 

295.4 
(1687) 

324.2 
(1851) 

134.8 
(770) 

233.8 
(1 335) 

314.2 
(1794) 


N.*r^ luppMMdlowwquidnnti) 
* hwD 

N K * Bp (ail quadranti) 


(2) S,-KSj (Pitching ManJ 
M y - KMy (Pitching Man.) 
whara: 

K * 0.30 Nag. Maneuver 
K - 0.40 Crutaa 

(3) Sign Convention 

PotHlve M - tantion load! on upper (Iban 
Negative M - compression loads on upper libara 


(4) For maxlmuni compressive load condition 
the tensile forces due to internal prawn 


(5) N # -pR 



FS 2123 FS 2038 


O 

4> 



p - design pressure 
F = allowable stress 
R= 230.1 cm (90.6 in.) at FS 2038 
208.0 cm (81.9 in.) at FS 2123 

(2) Operating condition, limit cruise pressures 
F = 1 17 MPa (17 000 psi.) (Table 64.) 

(3) Maximum ultimate design pressures 

F = 172 MPa (25 000 psi.) (Table 64.) 


F = °- 90 F tu " ° 90 x 427 47 MPa = 384.7 MPa (55 800 psi.) 


(5) Sea level pressures (Ult.) with 9.0g inertia load 
F = °- 90 P, u = 384.7 MPa (55 800 psi.) 

(6) Mid panel thicknesses based on principal stress theory. 


X 


% 
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TABLE 28. - FAIL-SAKE REQUIREMENTS OF AFT TANK, CIRCUMFERENTIAL DAMAGE CONDITION 
Applied Loads (Limit) I Skin 1 Strap Crack Strap 2A e Residual 


Cond 

N x 

kN/m 

(Ibf/in.) 

PLA 

560.8 
(3 202) 

Cruise 

164.9 
( 942) 

Ncg. 

Man. 

259.2 
(1 480) 

PLA 

453.9 
(2 592) 

Cruise 

147.8 
( 844) 

Neg. 

Man. 

217.7 
(1 243) 


Skin 

Thickness 

t« 


1.17 (0.462) 
0.267 (0.105) 

78133 0.411 (0.162) 

(453) 0.302 (0.119) 

0.541 (0.213) 
0.320 (0.126) 

0.950 (0.374) 
0.241 (0.095) 

66.55 0.363 (0.143) 

(380) 0.269 (0.106) 

~~ 0.455 (0.179) 


Strap 

Crack 

Strap 

2A e 

Spacing 

Length 

Area 

‘s 

b 

tf= 2 b 



cm 

cm 

cm 2 

cm 

(in.) 

(in.) 

(in 2 ) 

(in.) 

__ 

30.5 (12.0) 

_ 

— 

15.24(6.00) 

30.5 (12.0) 

1.935 (0.30) 

14.5 (5.71) 

- 

30.5 (12.0) 

~ 


- 

30.5 (12.0) 

- 

- 

— 

30.5 (12.0) 

- 

- 

15.24 (6.0) 

30.5 (12.0) 

1.290 (0.20) 

8.05 (3.17) 

_ 

30.5 (12.0) 





15.24 (6.0) 

30.5 (12.0) 

1.935 (0.30) 

16.0 (6.3 ) 

— 

30.5 (12.0) 

- 

- 

- 

30.5 (12.0) 

~ 

- 

— 

30.5 (12.0) 

— 

- 

15.24(6.0) 

30.5 (12.0) 

1.290 (0.20) 

9.14 (3.6 ) 


Reinf. 

Efficiency 

y 


Residual 

Strength 

F„ 


47.78 ( 6.93) 1.170 (0.462) 
79.98(11.6 ) 0.701(0.276) 

47.78 ( 6.93) 0.411(0.162) 
47.78 ( 6.93) 0.495(0.195) 

47.78( 6.93) 0.541(0.213) 
73.08 (10.6 ) 0.404 (0.159) 

i 

‘ 

47.78 ( 6.93) 0.950 (0.374) 
81.70 (11.85) 0.556 (0.219) 

47.78 ( 6.93) 0.363(0.143) 
47.78 ( 6.93) 0.424 (0.167) 

47.78 ( 6.937 0.455 (0.179) 
74.46 (10.8 ) 0.366 (0.144) 


(2) t m ; n = Maximum value of thickness required to satisfy: 


7 - Reinforcement Efficiency 
= 1.0 for no strap condition 

K 0 = Stress intensity factor, 52 700 kPa v/HT , 48 000 psi VTrT 
i l - Crack length 


f (principal) = F g 

t + (— ) • 

x s T 1 b 'mm 


STIFFENER' 


Ac' 


STRAP 


o 

Ul 



^ r ^ 1C j 1 d ® sign conditions. Minimum axial extensional thicnkesses were 
defined using the skin thicknesses (t s ) from the prior membrane analysis 
and for an unstiffened panel configuration (i.e., pure monocoque wall). 

The upper row at each location on this table reflects the latter condition. 
Axial extensional thicknesses (including the equivalent thickness of the 
fail-safe straps) ranging from 0.404 cm (0.159 in.) to 0.701 cm (0.276 in.) 
were defined for the stiffened wall concept at FS 2038. The corresponding 
values at FS 2123 were 0.365 cm (0.144 in.) to 0.556 cm (0.219 in.) 

Using the cross-sectional data resulting from the prior membrane and 
tail safe analyses, the strength requirements were evaluated and are pre- 
sented in table 29. The top and bottom of the shell were analyzed for 
their maximum tension and compression conditions using the equations ref- 
erence ln c h e footnotes of this table. For the compression analysis, both 
general, and local instability (reference 14) failure modes were investi- 
gated; whereas, for the tension condition, an ultimate gross area fatigue 
allowable of 310.3 MPa (45 000 psi) was used. ^ 

The mid-panels were analyzed for the maximum combined stress and 
“ sta “ llty “hich are described in the footnotes Tf 

a maxi ® um principal stress for the combined stress state was 
d a ? d compa ^ ed t0 the ultimate gross area fatigue allowable. For the 
hear anaiyses, the general instability stresses were based on simply sup- 
por ed, orthotropic plate theory described in reference 15. The local shear 
instability stress was based on the failure of the skin between the stiffeners 
ith simply supported, infinitely long plate theory used, reference 13. 

c . Ald cros s-sectional properties as defined for the shell by the previous 

reouirement^ aly ?h S (table . 28) were sufficiently strong and met the strength 
requirements. The exception being the bottom of the shell at both point 

design regions which required additional material to sustain the applied 


o. 2. 2. 2 F r ames .- Representative sheet metal frames were sized for appli- 
cation to the aft methane tank. Typical frame designs were evaluated for 
strength, stiffness, and damage tolerance (i.e., ability to arrest a longi- 
tudinal crack in the tank wall). A frame spacing of 108.7 cm (42.8 in ) 
rour equal increments between the tank forward and aft closures, was pre- 
lected based on the results of the hydrogen tank study, reference 4. 
i is referenced study indicated that a minimum-weight design integral* tank 
results at frame spacings in the vicinity of 127 cm (50.0 in.). 
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The frame stiffness requirements were predicated on the criterion 
developed by Shanley in reference 16, which ensures failure of the skin- 
stringer panel between frames. The required frame bending stiffness (El) 
and the corresponding section properties and equivalent thickness of a 
typical frame are shown in table 30. In addition, the critical design con- 
dition and the shell diameter used in the calculation are included. 

The strength requirement of the frames was conservatively postulated 
on the frames carrying 20 percent of the hoop force of the shell. Using 
this force and the circumferential design stress for the tank substructure, 
table 19 of the criteria section, the area requirements were defined and 
are shown in table 31. The frame cross sectional area was assumed to be 
circumferentially invariant with the most critical bottom location designing 
the complete frame. The PLA condition at this location results in frame 
forces of 120.1 kN 927 000 lbf) and 105.9 kN 923 800 lbf) at FS 2038 and 
FS 2123, respectively. 

The fail-safe criteria for a longitudinal crack damage case impose 
minimum area requirements on the frames and the necessity for fail-safe 
straps in the hoop direction. Table 32 presents a summary of the fail-safe 
analysis conducted during this study. The theory used for this analysis is 
equivalent to that used on the hydrogen tank study and is presented in 
reference 11. The basic equation and the therminology used in defining the 
effective reinforcement area (A e ) of the straps and frames are displayed in 
the footnotes on table 32. The determination of the effective area of the 
frame is based on the damage occurring in the skin adjacent to the frame; 
whereas, the strap area is predicted on the damage occurring at the frame 
or at a strap (for multiple strap configurations) with the adjacent strap 
arresting the crack. With reference to table 32, strap spacings from 15.2 cm 
(6.00 in.) to 36.3 cm (14.3 in.), two straps between frames, were investi- 
gated at the two point design regions. Frame area requirements* increased 
as the number of fail-safe straps decreased, whereas, the strap area require- 
ments are fairly insensitive to their spacing. Based on these results, three 
straps per bay were selected as typical and used in the design. 

Table 33 summarizes the frame area requirements due to stability, 
strength, fail-safe, and minimum gage. The effective thickness of the mini- 
mum gage frame reflects the proportions of the typical frame shown in the 
footnotes of table 30 with a thickness of 0.127 cm (0.050 in.). In addition, 
the area and effective thickness of the hoop fail-safe straps are shown for 
the selected spacing. Note that the strength and fail-safe requirements for 
the frames are identical. 



TABLE 30. - FRAME STIFFNESS REQUIREMENTS FOR AFT TANK 


Region 

Design 

Condition 

Shell 

Oia., 

O 

cm (in.) 

Frame 

Spacing 

L 

cm (in.) 

(El) f 

MN • cm 2 
(Ibf-in.) 

If 

cm 4 

(in. 4 ) 

A f 

cm 2 

(in. 2 ) 

V 

cm 

(in.) 

Cond. 

Mult 
MN -m 
(in.-lbf) 

FS 2038 

PLA 

9.626 

(85.2 x 10*) 

a 

m 

2.820 

(4.09 x IQ 6 ) 

16.23 

(0.390) 

1.68 

(0.26) 

I 

FS 2123 

PLA 

6.169 

(54.6 x 10 6 ) 

416.1 

(163.8) 

108.7 
( 42.8) 

1.475 

(2.14 x 10 6 ) 

8.49 

(0.204) 

0.90 

(0.14) 

H 

1 

TYPICAL FRAI^ 
DIMENSIONS 

F“ 

7.62 cm (3.00 in.) 

^ MD 2 

(El)f * C f -5- 

where: 

Cf = 6.25 x 10~ 5 (per Reference 9) 

— 1 E = 72.39 GN/m 2 (10.5 x 10 6 psi.) 

— " A = 6.0t = 0.661 

I = 9.0t = 1.50A 

3.81cm 7 =^i 

1.50 in.) L 
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TABLE 32,. - FRAME AND HOOP STRAP FAIL-SAFE REQUIREMENTS FOR AFT TANK 


R 

E 

G 

1 

0 

N 

D 

Co 

esiyn 

ndition 

Skin 

Thick 

«$ 

cm (in.) 

(Limit) 

MPa 

(psi.) 

Frame 

Spacing 

L 

cm (in.) 

Straps 

Crack 
Length 
K = 2b 
cm (in.) 

A e 

cm 2 

(in 2 ) 

Strap 

Requirement 

Frame 

Requirement 

Cond. 

N y (Limit) 
kN/m 
(Ibf/in.) 

No. 

Spacing 

b 

cm (in.) 

cm 2 (in. 2 ) 

h 

cm (in.) 

A f 

cm 2 (in 2 ) 

‘f 

cm (in.) 


PLA 

368.1 

0.320 

115.0 

108.7 

6 

15.52 

31.04 

0.606 

0.606 

0.033 

1.497 

0.018 



(2 102) 

(0.126) 

(16 680) 

( 42.8) 


(6.11) 

(12.22) 

(0.094) 

(0.094) 

(0.013) 

(0.232) 

(0.007) 


PLA 

368.1 

0.320 

115.0 

108.7 

4 

21.74 

43.48 

1.077 

1.077 

0.041 

3.232 

0.030 

CO 

o 


(2 102 

(0.126) 

16680) 

< 42.8) 


( 8.56) 

(17.12) 

(0.167) 

(0.167) 

(0.016) 

(0.501) 

(0.012) 

CO 

Li- 

PLA 

368.1 

0.320 

115.0 

108.7 

3 

27.18 

54.36 

1.490 

1.490 

0.041 

4.471 

0.041 



(2 102) 

(0.126) 

(16680) 

( 42.8) 


(10.70) 

(21.40) 

(0.231) 

(0.231) 

(0.016) 

(0.693) 

(0.016) 


PLA 

368.1 

0.320 

115.0 

108.7 

2 

36.24 

72.49 

2.174 

2.174 

0.041 

6.522 

0.061 



(2 102) 

(0.126) 

(16680) 

( 42.8) 


(14.27) 

(28.54) 

(0.337) 

(0.337) 

(0.016) 

(1.011) 

(0.024) 


PLA 

324.2 

0.282 

115.0 

108.7 

6 

15.52 

31.04 

0.535 

0.535 

0.030 

1.606 

0.015 



(1851) 

(0.111) 

(16 680) 

( 42.8) 


( 6.11) 

(12.22) 

(0.083) 

(0.083) 

(0.012) 

(0.249) 

(0.006) 

CO 

PLA 

324.2 

0.282 

115.0 

108.7 

4 

21.74 

43.48 

0.948 

0.948 

0.036 

2.845 

0.025 

fsl 


(1 851) 

(0.111) 

(16 680) 

( 42.8) 


( 8.56) 

(17.12) 

(0.147) 

(0.147) 

(0.014) 

(0.44)) 

(0.010) 

CO 

LL. 

PLA 

324.2 

0.282 

115.0 

108.7 

3 

27.18 

54.36 

1.316 

1.316 

0.036 

3.948 

0.036 



(1851) 

(0.111) 

(16 680) 

( 42.8) 


(10.70) 

(21.40) 

(0.204) 

(0.204) 

(0.014) 

(0.612) 

(0.014 


PLA 

324.2 

0.282 

115.0 

108.7 

2 

36.24 

72.49 

1.916 

1.916 

0.036 

5.748 

0.053 



(1851) 

(0.111) 

(16680) 

( 42.8) 


(14.27) 

(28.54) 

(0.297) 

(0.297) 

(0.014) 

(0.891) 

(0.021) 


Fpg 


* A* 
2We + i; 8 


= 1 - 20Ftu < c , g ■» 2We 1 or rearran 9 in 3 A « = (^1 1- , 2 0 ° f < c 1 8 + 2We > - 2We 1 
(Reference 4) ,u 


where: 
2We - 

F«u ‘ 
C, = 

A e - 
l s 
A, 


An effective width parameter =1.80 

Total crack length, 2= 2b 

Ultimate tensile strength of the skin material 

• Longitudinal crack extension parameter for pressurised fuselage panel. A function of the stress intensity factor K 0 , C , = 1 .065 
: Effective reinforcement area 
- Skin thickness 

. A -ti 

« 3 

nA s - Ai 

r 




TABLE 33. - SUMMARY OF THE FRAME AND HOOP STRAP REQUIREMENTS FOR AFT TANK 


Region 

Strap 

Requirements 

Frame 

Requirements 


b 

cm (in.) 

As 

cm^ (in. 2) 

t 

cm (in.) 

L 

cm (in.) 

l Stab 
cm (in.) 

l Str. 
cm (in.) 

l FS 

cm (in.) 

l Min. 
cm (in.) 

”*Final 
cm (in.) 

ES 2038 

27.18 

(10.70) 

1 

■ 

0.041 

(0.016) 

108.7 
( 42.8) 

1 

0.041 

(0.016) 

0.041 

(0.016) 


0.041 

(0.016) 

FS 2123 

27.18 

(10.70) 

1.316 

(0.204) 

0.036 

(0.014) 

108.7 
( 42.8) 

0.008 

(0.003) 

0.036 

(0.014) 

0.036 

(0.014) 

0.018 

(0.007) 

0.036 

(0.014) 


5.3 Final Design 

The general design of the aft tank is shown in figure 50. The design 
of the major structural components of this tank are similar to the integral 
tank designs of the hydrogen tank study. 

The basic shell is conical in configuration with an integrally stiffened 
wall and supported by internal frames. Elliptical heads of monocoque con- 
struction are provided for the forward and aft closures, and the tank divider. 
The tank is a weldment using 2219 aluminum alloy shapes. The shell incor- 
porates a zee-stiffened wall configuration at the maximum axially loaded 
upper and lower quadrants with a blade-stiffened configuration being used 
at the side walls. The skin and stiffener thicknesses vary in the longi- 
tudinal direction but are constant in each of the circumferential quadrants. 
The stiffener pitch and height were held constant at respective values of 
15.24 cm (6.00 in.) and 5.08 cm (2.00 in.) for the entire tank. 


Damage tolerance capability is provided by adding both longitudinal 
and circumferential straps to the design. For the circumferential damage 
case (cracks running in the hoop direction) , longitudinal straps are pro- 
vided between the stiffeners on the upper and lower quadrants of the tank. 
These straps were spot welded to the shell and have a constant cross- 
sectional area for each quadrant. The blade-stiffened sidewall panels do 
not require any straps for this damage case. For the longitudinal d ama ge 
case, circumferential straps having a constant cross-sectional area of 
1.48 cm 2 (0.23 in. 2 ) and a spacing of 27.18 cm (10.70 in.) are provided 
on the exterior surface of the tank between the internal frames. Internal 
frames are provided at a spacing of approximately 108.7 cm (42.8 in.). 
These frames will be fabricated using 2219-T8511 aluminum extrusions with 
an area of approximately 4.13 cm 2 (0.64 in. 2). 
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6. FUEL SYSTEM 

The functional requirements for the fuel system in a methane-fueled 
airplane are similar in most respects to those of a hydrogen-fueled airplane. 
Both fuels are cryogens requiring extensive use of insulation for fuel storage 
and plumbing. Both fuels vaporize readily when exposed to ambient pressures 
and temperatures encountered by aircraft and become lighter than air at temp- 
eratures well below flight ambient. Systems using these fuels require identical 
treatment for maintenance to preclude ice formation on components and to pro- 
tect personnel from frostbite when routine hardware repair is necessary. The 
purpose of this section is to describe the physical characteristics of the fuel 
system for a methane-fueled subsonic jet transport. 

6.1 Fuel-Oriented Functions 

The aircraft fuel system consists of all fuel-oriented functions up to the 
interface with the engine-supplied fuel system. They are illustrated sche- 
matically in figure 51 and perform the following functions: 

• Fuel storage 

• Aircraft fueling and defueling 

• Engine fuel supply 

• Auxiliary power unit fuel supply 

• Fuel transfer 

• Fuel management for center of gravity control 

• Fuel jettison 

• Fuel tank venting and pressurization 

• Fuel leak detection and vapor purge 

Each of these systems is discussed in the following paragraphs. 

6.1.1 Fuel storage. - Fuel is stored in four thermally insulated tanks within 
the fuselage, figure 10. Each tank is numbered from 1 to 4 corresponding to 
the engine it normally supplies fuel according to the convention that each 
engine be fed from an independent source during takeoff and landing. Tanks 1 
and 2 form a sphere located between the flight station and the forward end of 
the passenger compartment. Tank 1 constitutes the left hemisphere which is 
separated from Tank 2, the right hemisphere, by means of a fore and aft dia- 
phragm. Tanks 3 and 4, which have the form of a modified truncated cone, are 
located behind the passenger compartment and are separated by a lateral dia- 
phragm. Each tank has a nominal usable fuel capacity of 18 140 kg (40 000 lb) 
of liquid methane. 



LONGITUDINAL 
fiA/L • SATE 5T/?AP 
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The diaphragms separating Tanks 1 and 2 and Tanks 3 and 4 are designed 
to meet emergency landing condition loads as defined in Paragraph 25.561 of 
the Federal Aviation Regulations for Transport Category Aircraft. They pro- 
vide physical separation of the fuel in each compartment but are vented to 
permit pressure equalization in adjoining tanks. 

6.1.2 Fueling and defueling .- The aircraft fueling system interfaces with 
the airport ground supply through two adapters located at the aft end of the 
fuselage below the vertical tail, figure 52. One of the adapters receives 
liquid fuel from the ground supply and the other, the vapor recovery adapter, 
returns displaced methane gas from the aircraft fuel tanks to the airport 
liquefaction facility for recycling. The adapters interface with the ground 
facilities by means of ground fueling and vapor recovery quick disconnects. 

The fueling manifold is sized to permit fueling the tanks in 20 minutes 
from a 15 percent reserve quantity to a nominal total capacity of 72 560 kg 
(160 000 lb) when the supply pressure at the aircraft interface is 193 kPa 
(28 psia) . This requires a nominally sized 10.16 cm (4 in.) diaphragm fueling 
manifold extending from the fueling adapter to a wye at the forward fuel tanks 
Fuel is conveyed by 5.08 cm (2 in.) lines from the manifold to a point in each 
tank below the normal reserve fuel level where it is discharged through a 
series of perforations in the line. The perforations are sized to maintain a 
low discharge velocity to minimize turbulence in the bulk liquid. 

The fuel level control system consists of a shutoff valve actuated by a 
signal from a level sensor which terminates flow to each tank when it is full. 
When a given flight requires less than full tanks, the shutoff valves are 
actuated by a signal initiated by "bugs" on the tank fuel quantity indicators 
which have previously been set at the desired quantity. The fuel quantity 
indicators are located in the aircraft fueling panel, figure 53. 

Vapor displaced during the fueling operation flows through absolute tank 
pressure regulators into a common vent line where it is diverted to the vapor 
recovery adaptor by means of a vent bypass valve built into the adapter and 
operated by the actuating linkage of the adapter. The absolute pressure 
regulators prevent flashing of the fuel by maintaining the tank pressure above 
the saturation pressure of the delivered fuel. The vent lines are sized to 
accept liquid methane overflow to the vapor recovery adapter without subject- 
ing the tanks to excessive overpressurization in the event that a tank fueling 
shutoff valve fails to close when the tank is full. 

Defueling will be required on very infrequent occasions; e.g., when the 
tanks must be entered to perform inspection on repair. Defueling is accom- 
plished with both fueling and vapor recovery adapters connected to the airport 
defueling facility. The fuel transfer and refueling line tank isolation valves 
are then opened and the fuel level control valves are closed. Operation of 
the tank boost pumps will start the defueling operation. To maintain tank 
pressure above outside ambient, some heat may have to be added to the stored 
methane by means of the fuselage— mounted tank pressurization heat exchanger 
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Figure d2. - Layout-fueling/defuel system. 
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Figure 53. - Refuel panel. 
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which utilizes a calrod heating element to convert liquid methane to gas. 

The tanks may be defueled individually or simultaneously. 

Those components exposed to liquid methane during fueling and defueling 
operations are shown installed in figure 52. The ground fueling disconnects 
are illustrated in figure 54 and the fuel level control shutoff valve in fig- 
ures 55 and 56. The design requirements for these components are discussed 
at the end of this section. 

6.1.3 Engine fuel supply ,- Each engine is normally supplied fuel from its 
identically numbered fuel tank by opening the tank isolation valve, figure 57, 
and turning on tank-mounted fuel boost pumps. In the event of engine failure, 
fuel from the tank which normally supplies the failed engine can be made avail- 
able to the operating engines by a crossfeed system. A significant feature is 
the location and arrangement of the crossfeed valves, figure 58. They are con- 
tained in one assembly for convenience in servicing and also to preclude long 
sections of transfer lines which would contain vapor and which, in turn, could 
result in engine flameout when switching from direct to crossfeed. 

Lines leading to the engines are located in the wing box for protection 
and isolation. The lines are foam insulated within a protecting metal outer 
tube as shown in figure 59. Evacuated double bellows lines with an outer 
braided cover are used where required for flexibility. 

A surge box located at the low point in each fuel tank houses three boost 
pumps which supply fuel to each engine, figure 60. The surge box traps fuel 
in the vicinity of the pumps to minimize unusable fuel, and to ensure its 
availability during unusual transient maneuvers. The design uses a pressurized 
accumulator downstream of the pump check valves to preclude engine starvation 
if the fuel migrates to the top of the surge box during negative or zero g 
flight . 

The design philosophy for the boost pump system is based upon the premise 
that a single pump failure shall not compromise aircraft safety. In addition, 
airline operators are reluctant to ground an aircraft if one boost pump in 
any of its fuel tanks is incapable of being operated. In accordance with this 
philosophy, each tank in the methane-fueled subsonic transport will incorporate 
a minimum of three boost pumps. The justification for this conclusion is dis- 
cussed in the following paragraphs. 

Although hydrocarbon-fueled aircraft can take off and climb to cruise 
altitudes with boost pumps inoperative most of the time, methane-fueled air- 
craft engines would flame out if the boost pumps failed, due to vaporization 
in the line with loss of pressure. Hence, the boost pump system must entail a 
redundancy which precludes loss of thrust from any engine in the event of pump 
failure immediately after the aircraft becomes airborne. During takeoff and 
initial climb, this philosophy dictates that one tank supplies one engine, and 
that two pumps in each tank must be operated simultaneously. Thus, with two 
pumps operating, a single boost pump failure just after takeoff could not 
cause a loss of engine thrust. The redundance requirement further dictates 
that no two pumps within a given fuel tank can be supplied electrical power 
from the same source. 
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Figure 54. - Quick disconnect, ground fueling and vapor return. 
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Figure 55. - Fuel level control valve. 



SELF-ALIGNING POPPET 

Figure 56. - Fueling shutoff valve. 




Figure 57. - Tank isolation valve. 

Based upon the foregoing, each pump must be capable of supplying fuel at 
the pressure flow rate required by the engines. Conditions evaluated include: 

(a) Takeoff power at sea level 

(b) Maximum climb power at sea level and Mach 0.4 

(c) Maximum cruise power and Mach 0.85 at 11 582 m (38 000 ft) with one 
pump supplying two engines 

The maximum fuel flow required of each boost pump is established by condi- 
tion (b) . For this condition, a flow rate of 3690 kg/hr (8136 lb/hr) is re- 
quired for each engine. To. ensure that each engine will receive fuel at the 
required pressure the feed lines are sized by the longest fuel lines: e.g., 

Xo. 1 tank to No. 1 engine or No . 4 tank to No. 4 engine. The effect of line 
size on pressure drop is shown in figure 61. For this airplane, a nominal line 
diameter of 3.175 cm (1.25 in.) was selected with a line loss of 69.6 kPa 
(10.1 psi) . 
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Figure 58. Crossfeed valve assembly. 
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Figure 59. - Fuel-line cross section. 

6.1.4 Liquid methane pump technology.- The technology for liquid methane pumps 
comes directly from the experience of pumping LNG (liquid natural gas) . Pres- 
sures and flow rates of LNG pumps now reach 34.48 MPa (5000 psi' and 189.3 liters 
(50 gallons) per minute. This capacity is well over the 144 ii:=rs^ (38 gallons) 
per minute and 2.76 mPa (400 psi) required for the engine-mounted, high- 
pressure pump for the methane engine. However, some development is required to 
obtain flight weight pumps for aircraft application. 

Commercial LNG pumps are generally made of 9 percent nickel steel. . For 
aircraft application one could go to 6061 or 5083 aluminum to reduce weight. 

As an example of existing capability, AIRC0 Cryogenics have provided a 
pump with a 151 liter (40 gallons) per minute capacity at 11 40d rpm for 
avionics cooling in the B-l bomber. The cooling medium is not cryogenic in 
this application but based on their experince pumping various cryogenic liquids 
AIRC0 believes that with a change of bearings and going to purged labyrinth 
seals that it could be demonstrated to have an acceptable service life for 
liquid methane application. There are several pump manufacturers with indus- 
trial experience in design ; manufacture, and production of LNG pumps. 

6.1.5 Auxiliary power unit fuel supply. - The APU is supplied liquid fuel from 
Tank 2 normally, but also from any tank by crossfeed. During the initial APU 
startup, before electrical power is available to the tank-mounted boost pumps, 
it is expected that the normal tank pressure 145 kPa (21 psia) will preclude 
the need for a separate APU tank-mounted boost pump. 
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Figure 60. - Boost pump assembly and installation. 
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6.1.6 Fuel transfer. - Fuel transfer valves. (figure 51) feed into the dis- 
charge line from the fuel tank boost pumps and connect with the aircraft fuel- 
ing manifold. By opening any one of those valves, fuel in the corresponding 
tank can be transferred to any other tank by opening the fueling valve in that 
tank. Transfer will continue until the fuel level in the receiving tank reaches 
the automatic shutoff level when the tank is full. The transfer system pre- 
cludes trapping of fuel in any one tank if the feed line isolation valve fails 
to the closed position. Thus the transfer system has the dual function of mak- 
ing all fuel available to all the engines as well as precluding excessive c.g, 
travel if fuel is trapped in the No. 1 or No. 4 fuel tanks by a closed tank 
isolation valve. 

6.1.7 Fuel management.- The forward and aft locations of the fuel tanks pro- 
vide a high degree of flexibility in controlling the airplane center of gravity. 
In normal operation, aircraft balance is maintained by having equal tank capa- 
cities with approximately equal moment arms for the forward and aft fuel tanks. 
To illustrate this point, figure 62 was prepared to show c.g. travel based 

upon a typical weight and balance sheet. At takeoff, the airplane c.g. is at 
37 percent MAC, well within the limits of 26.5 to 43,5 percent MAC at the 
weight. With normal fuel usage, the c.g. moves forward to 31.3 percent MAC 
at zero fuel weight creating a minimum requirement for aircraft trim adjustment. 

However, c.g. travel can exceed the allowable limits if the system design 
permits trapping of fuel in any tank as the result of a tank isolation valve 
failing to the closed position. The consequences of such a design deficiency 
are not tolerable, as illustrated in figure 62 and table 34 for fuel trapped 
in the No. 1 or Mo. 4 tanks while the fuel in the remaining tanks is consumed. 
Consequently, an alternate path for fuel to be removed from the tank is pro- 
vided by the fuel transfer system. 

An example of the effectiveness of the system is shown in the following. 

If the fuel valve in Tank 4 fails in the closed position, the corrective action 
is to open the fuel transfer valve in Tank 4 and close the fuel level control 
valves in Tanks 1, 2 and 4 only, figure 51. Fuel immediately begins to flow 
from Tank 4 to Tank 3 through the fueling manifold maintaining Tank 3 full of 
fuel until all of the Tank 1 fuel is depleted. This does entail some nominal 
shift in c.g., but the amount does not exceed 2 percent MAC in the forward 
direction as shown in figure 62. In the other extreme situation, fuel trapped 
in the No. 3 tank is transferred to the No. 4. tank causing an aft c.g, move- 
ment of not more than 2 percent MAC. Fuel trapped in Tank 1 or 2 causes no 
c.g. shift, because these tanks are mounted side by side and have the same 
c.g. moment arm. As a result of the transfer system design, c.g. movements 
with a failed fuel tank isolation valve are always well within the limits 
specified for normal operation. 

6.1.8 Fuel jettison. - Fuel may be jettisoned, at the option of the flight 
crew, by means of a retractable jettison chute near the airplane tail cone, 
figure 52. The mast connects with the fueling manifold so that the fuel tank 
boost pumps can be used by means of the fuel transfer valves to pump fuel over- 
board down to a prescribed level set by a jettison fuel control sensor. 
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Figure .62, - Center of gravity travel with blocked feed line. 
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TABLE 34. - WEIGHT AND BALANCE DATA BASELINE CONFIGURATION 1 


MAC = 271.7 LE. MACatF.S. 1072 NoseatF.S.O 


Condition 

C.G. 
% MAC 

I 

hih 

Moment 

arm 

cm 

(in) 



224 029 

2 978 

Takeoff 

37.0 

(493 900) 

(1 173) 

Fuel 






17 282 

876 

Tank No. 1 


(38 107) 

(345) 



17 282 

876 

Tank No. 2 


(38 107) 

(345) 



17 282 

5105 

Tank No. 3 


(38 107) 

(2 010) 



17 282 

5410 

Tank No. 4 


(38 107) 

(2 130) 



154 901 

2 939 

Zero fuel weight 

31.3 

(341 600) 

(1 157) 



36 287 

2 972 

Payload — 400 Pax + baggage 


(80 000) 

(1 170) 

t 


3 629 

2 921 

- Cargo 


(8 000) 

(1 150) 



114 985 

2 929 

Operational empty weight 

22.9 

(253 496) 

(1 153) 



9 525 

2 540 

Crew and oper. equipment 


(21 000) 

(1 000) 



105 460 

2 964 

Manufacturer's empty weight 

35.0 

(232 497) 

(1 167) 


6.1.9 Tank vent and pressurization system. - The forward pair of tanks and 
the aft pair of tanks have separate pressurization and vent systems but share 
a common overboard vent system downstream of the pressure regulators, fig- 
ure 51. Each pair of tanks has a common vent box which maintains an equal 
ullage pressure on both sides of the diaphragm, separating the fuel in Tanks 1 
and 2 and in Tanks 3 and 4. The tanks are maintained at an absolute pressure 
of 145 kPa (21 psia) by a primary absolute pressure regulator, figure 63, 
located just downstream of the point where the vent line emerges from each pair 
of tanks. A secondary pressure regulator set at an absolute pressure of 
159 kPa (23 psia) is mounted in parallel with the primary regulator to protect 
the tank from excessive pressure in the event of failure of the primary regu- 
lator. A purge gas discharge valve for use during the initial tank fill and 
during tank purging for repair or inspection completes the valve assembly at 
this location. If the tank absolute pressure drops below 124 kPa (18 psia) 
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when the boost pumps are operating, a backup absolute pressure regulator allows 
liquid flow normally supplied from Tank .4 to be evaporated at the fuselage- 
mounted tank pressurization heat exchanger (figure 51) . Thus tank pressures 
are always maintained above the minimum level. 

Vent boxes located within Tanks 2 and 3 act as liquid traps to preclude 
liquid from passing overboard through the common vent line during normal opera- 
tions. A drain valve at the the bottom of each trap allows the liquid fuel to 
drop down into the tank below when the fuel level is below the float in the 
drain valve. Each vent box communicates with the tank it serves through a 
single vent line with its inlet in the ullage bubble above the point of inter- 
section of the fuel surfaces for maximum pitch attitude extremes with full fuel 
tanks. This represents the simplest and most reliable vent design. If detailed 
aircraft attitude studies reveal that no single inlet location will always be 
void of liquid fuel, an alternative design is available which incorporates two 
inlets in each vent line. The inlet which is remote to the vent box would be 
open at all times and the inlet near the vent box would be closed by means of 
a float-operated vent valve when under fuel but open when not covered by fuel. 
The added complexity of this system is to be avoided, if possible, since it 
places moving components which would ultimately require maintenance within the 
fuel tanks. 

The common vent line downstream of the absolute pressure regulators serves 
a dual purpose. In-flight, gas relieved through the pressure regulators is 
conveyed through the vent line to a lightning-protected overboard vent mounted 
in the vertical stabilizer, figure 64. The overboard vent assembly includes 
a servo-operated back-pressure valve set at 10.3 kPa differential (1.5 psig) 
to prevent air from being drawn into the vent where it could constitute a 
hazard. During fueling operations, the common vent serves as a means to 
recover large quantities of boiloff gases by routing them back to the vapor 
recovery adapter so that they can be recycled by the airport methane liquefac- 
tion and distribution system, figure 65. In the event of the failure of the 
primary vent, an alternate servo operated vent valve, set at 24.5 kPa 
(3.5 psig) is located in the tail cone area, figure 66. This valve is closed 
by an override solenoid to prevent opening during fueling. 

The vent line must be sized to preclude tank overpressurization during 
fueling operations. Both vapor and liquid overflow must be considered, vapor 
because it is present every time the airplane is fueled, and liquid because a 
failed fueling shutoff valve will permit fuel to flow through the vent line. 

During fueling, vapor from all fuel tanks enters the vent line and is 
conveyed to the vapor recovery adapter. The vapor outflow rate is shown in 
figure 67. The maximum outflow rate occurs at the end of the fueling opera- 
tion when vapor at 117°K (211°R) and 145 kPa (21 psia) is released at the rate 
of 0.078 kg (0.175 lb) per second per tank. 

Before a line size selection can be made, however, the effect of a failed 
fueling valve on vent line pressure drop with liquid fuel overflow must be 
considered. For this analysis, it is assumed that the fueling valve in the 
h’o. 1 tank fails to the open position. For this condition the resulting tank 
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Figure 64. - Overboard vent and back pressure valve. 

pressure differential to ambient must not exceed normal operational limits. 
Refueling at La Paz, Bolivia requires consideration of a 4267m (14 000 ft) 
refueling altitude. At a cruise altitude of 4267 m (40 000 ft), the differen- 
tial pressure from the tank 145 kPa (21 psia) to ambient 18.8 kPa (2.73 psia) 
is 126 kPa (18.27 psig) for normal operation. The absolute pressure in Tank 1 
with a failed fueling shutoff valve has been determined assuming liquid fuel 
overflow out of the tank resulting from a fueling adapter pressure of 193 kPa 
(28 psia) and a ground vapor return line pressure of 110 kPa (16 psia). This 
pressure is shown in figure 68 for 7,62 cm (3-in.) and 10.16 cm (4-in.) line 
diameters. It is apparent that a 7.62 cm (3-in.) manifold is adequate to 
handle both gaseous venting from all tanks while refueling the aircraft and 
liquid flow from any one tank if its fueling shutoff valve should remain open 
after all tanks are full. 

After fueling is complete, the fueling and vapor return adapters are both 
disconnected from the aircraft. Subsequent venting requirements are established 
by boiloff because of heat leaks through fuel lines and tank insulation. At 
that time, the maximum gaseous venting efflux is approximately 0.0064 kg/sec 
(0.01- Ib/sec). This flow is discharged through a lightning protected vent 
located in the vertical tail and communicating with the 7.62 cm (3-in.) vent 
line through a bypass poppet valve actuated by removing the vapor return fuel- 
ing adapter, figure 54. A line sized for this boiloff rate would be too small 
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Figure 65. 
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to be practical (less than 1.27 cm (0. 5-inch) in diameter) , Hence, an arbi- 
trary line size of 5.08 cm (2 in.) was selected to accommodate an increased 
vapor boiloff rate that could result from tank insulation damage. 

Another factor which must be considered for this vent line is the low 
temperature of the evolved gases, approximately 117 K (211°R). At this 
temperature, water vapor will condense out of the atmosphere to form ice at the 
flame arrestor discharge in the lightning protected vent. Hence, it is planned 
to add heat to the evolved gases to maintain an exhaust temperature above 4,4 C 
CA0°F) at all times. The normal heating requirements are very snail, approxi- 
mately 128.6 kJ/min (122 Btu/min) . This heat could be provided by an electri- 
cal heating unit mounted in the vertical stabilizer, figure 65. 

6.1.10 Leak detection and vapor purge 

6.1.10.1 Leak detection. - The detection of small leaks from a methane fuel 
tank cannot be based upon visual means because the methane becomes a colorless 
vapor upon exposure. to the atmosphere. Visual observation of condensed water 
vapor from the atmosphere is not a feasible method either, because small leaks 
of methane can pick up enough heat from the tank insulation and external fuse- 
lage skin to be well above the dew point for water vapor. Consequently, other 
methods which included measuring skin temperatures or sensing the combustibility 
of the atmosphere surrounding the tank were considered. However, both of these 
methods require that the leak be conveyed to the detector location. This quali- 
fication does not appear to be acceptable for thermal detection but is feasible 
if a combustibility technique is used. 

The method proposed for the methane-fueled airplane is shown in figure 69. 
Each set of tanks is encased in a blanket of insulation, as illustrated in 
figure 70. The inner layer of insulation is composed of a closed cell foam 
(STEPAN BX250A) which is surrounded by a vapor barrier (MAAMF) . The foam is 
bonded to both the tank and vapor barrier to preclude separation as the tank 
diameter is decreased by cooling during the fueling operation. Longitudinal 
grooves are cut in the foam adjacent to the tank wall to provide leakage chan- 
nels to convey leaking methane to a plenum behind the manhole cover at one end 
of the tank. - • 

To preclude a pressure buildup, the leaking methane is carried overboard 
through a 1.27 cm (1/2-in.) tube to a drain mast which ensures that the methane 
is discharged clear of the airplane structure. A pressure relief type check 
valve prevents air from entering the tube since moisture contained in the air 
would condense on the tank walls and block the leakage channels. The drain 
mast contains a flame arrestor to prevent propagation of flames into the tube 
if leaking methane is ignited by some external source. 

A leak detector mounted near the manhole plenum senses the potential com- 
bustibility of the leaking methane and triggers a signal to the flight station 
so that a tank inspection and repair can be initiated at the first opportunity. 
One type of leak detector incorporating a ceramic bead catalyst which causes a 
low level of combustible gas oxidation in the presence of air is manufactured 
by General Monitors, Inc. in Costa Mesa, California. Some developmental effort 
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Figure 69. - Leak detector system (integral tank structural details eliminated for clarity). 
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Figure 70. - Aft tank ( 




is required to adapt this unit to the variations in ambient pressure attendant 
to aircraft operation since the unit is normally used for sea level applications, 

6,1.10.2 Open cell foam purging .- Figure 70 shows an open cell foam surround- 
ing the tank closed-cell foam insulation. This foam is precompressed by the 
Kevlar Syntactic Foam outer casing which constitutes the external skin of the 
airplane in the region of the fuel tanks. The purpose of the precompression 
is to allow the open cell foam to expand when the tank diameter shrinks, dur- 
ing the filling process, so that the Kevlar outer skin fairing retains its 
required aerodynamic shape. 

The selection of an open cell foam for this application has a dual purpose. 
Not only does it provide support for the Kevlar skin, but it also serves as a 
chamber which can be filled with a moisture free gas to preclude a buildup of 
ice within the cells which would eventually destroy its effectiveness. 

In practice, it is not possible to fabricate a Kevlar outer skin which is 
impervious to moisture-laden air and which can tolerate expected aircraft main- 
tenance activities without developing leaks. Hence, a practical method of main- 
taining the dry atmosphere is to continually supply the open cell foam with 
enough dry gas to maintain it slightly pressurized above the outside ambient 
air pressure. This supply must equal the dry gas leakage rate overboard and be 
able to maintain the foam pressurized above outside ambient during rapid 
descents. 

Two sources of the dry gas are feasible, stored nitrogen and engine bleed 
air. A typical nitrogen purge system which stores nitrogen as a liquid and 
converts it to gas at a regulated pressure differential across the Kevlar skin 
is illustrated in figure 71. This system is complex and heavy because of the 
necessity for storing enough liquid nitrogen to complete a given flight plan. 

A similar system was considered for the liquid* hydrogen fueled subsonic trans- 
port, reference 4. The weight of such a system applied to the methane fueled 
airplane has been estimated from the referenced study. It was assumed that 
the only significant difference in the system weights was in the weight re- 
quired for storing the nitrogen. The distribution system in both cases is 
assumed to be identical. The estimate is based upon an 8-hour flight from 
loading ramp to loading ramp and assumes enough additional nitrogen to climb 
back to cruise altitude with a 20-percent increase in range. 


weight Breakdown 

kg 

lb 

lx 2 • 

124 

273.5 

Bottle 

10.9 

24 

Equipment 

45 . 4 

100 

Plumbing and Shrouds 

179.6 

396 

1 Of* Contingency 

23.6 

52 

Total Hardware 

259.5 

372.0 

Total Hardware Plus LN 0 

383.5 

845 . 5 
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The total weight chargeable to nitorgen storage is 273.5 + 24 = 134.9 kg 
(297.5 lb). For an 11-hour flight, this weight must be increased to approxi- 
mately 196.4 kg (433 lb). 

An added consideration is the necessity for maintaining a dry atmosphere 
in the foam during overnight layup time. Assuming an 8— hour-per— day utiliza- 
tion of the airplane, layup time would be 16 hours. This would require a bottle 
plus nitrogen weight of approximately 378.8 kg (835 lb) if it had to be stored 
aboard the aircraft. 

One possible method of eliminating most of the weight penalty attendant 
to storing liquid nitrogen is to purge the foam with air which has had its dew 
point reduced below the lowest temperature the external surface of the tank 
insulation will experience. In flight, this temperature is -57.8°C (-72°F) . 
Relatively simple compressor, mechanical filter and chemical dessicator systems 
have been routinely supplying air at even lower dew points for years. These 
systems incorporate 10.3 to 20.7 kPa (1500 to 3000 psig) air compressors and 
are used in both military and civil airplane applications for such functions 
as engine starting, retractable landing gear operation, brake actuation and 
various other functions which can be actuated by pneumatic systems. 

For purposes of this analysis, it is assumed that the purge air in the 
foam is maintained at 1.72 kPa (0.25 psi) above outside ambient pressure. In 
level flight, the resulting airflow leakage is as shown in figure 72. If a 
continuous flow system is used with no stored air, the design flow rate is 
established by the sea level static leakage flow requirement of 0.006 kg/sec 
(0.0135 lbs per second). During a descent, the leakage flow must be augmented 
by an amount which accounts for the increasing ambient pressure at lower alti- 
tudes. This pressurization airflow is also shown in figure 72 for a normal 
maximum rate of descent. The peak pressurization requirements at 8992 m 
(29 500) and at 3810 m (12 500 feet) occur because the descent profile results 
in a maximum rate of change in ambient pressure per unit time at these altitudes 
during descent, the purge air supply system must be capable of supplying the 
sum of the leakage and pressurization airflow requirements. To ensure this 
capability, the supply system air compressor inlet receiver cooled engine 
bleed air which is regulated to approximately 1.72 kPa (0.25 psia) , thereby in- 
creasing the system flow capacity well above the sea level flow rate. If the 
peak requirements during descent exceed the air supply capability momentarily, 
air at a pressure of 10.3 kPa (1500 psia) can be stored in air bottles to be 
released at that time. ' 

A schematic diagram of the system is shown in figure 73. The system em- 
ploys a three-stage 10,3 kPa (1500 psig) reciprocating air compressor with the 
output from each stage cooled by ambient air, A final stage of cooling uses 
the output of an expansion turbine to reduce the air temperature out of the 
compressor to 4.4°C (40°F) to maximize the effectiveness of a mechanical filter 
and chemical dessicator which dries the air to a dew point of approximately 
-73.3°C (-100°F). The final stage of cooling incorporates a thermal bypass on 
the cooling air side to maintain the temperature at the 4,4°C (40°F) level and 
ensure that no water freeze-out occurs in the mechanical filter. The exhaust 
cooling air from the tinal stage of cooling has a dew point of approximately 
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Figure 72. - Purge airflow rate. 
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Figure 73. - Foam purge air drier system. 
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Figure 79, - Exhaust emissions from a single aircraft turbojet combustor 

( reference 101 NASA TM-73780) 

positions of conventional Jet A and JP-4 fuels on the chart are shown for 
comparison. Although the absolute pollutant level for methane is somewhat 
questionable, it is obvious that burning methane will significantly reduce 
the contribution of aircraft to air pollution. 


7. ENGINE-MOUNTED LIQUID METHANE HEAT EXCHANGERS 


The turbine cooling air and oil cooler, heat exchangers, and the engine 
exhaust to fuel heater are all engine mounted as they were on the liquid 
hydrogen airplane of reference 4. The one exception to similarity between the 
two systems is that the ECS exchanger is not included in the methane system, 
because it cannot operate as a heat source to the engine exhaust exchanger in 
this system. This situation is illustrated in figure 80. The general 
arrangement on the engine is shown in figure 81. 

Briefly, the key points of the analysis were arrived at in the following 
wav: At 2.76 MPa (400 psia) and 677°K (1219°R) , the enthalpy required is 
2463 kJ/kg (1059.8 Btu/lb), The total change in enthalpy will be from the 
stored temperature of 117°K (210°R) to 1219°R (759°F). 

In customary units: AH = (731.3 - 132.2) + (-1059.8 - (-)1308.7) 

= 599.1 + 248,9 = 848 Btu/lb 
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This unit is a poppet type absolute pressure regulator valve designed 
for cryoganic service. The valve regulates the pressure in a remotely 
located liquid methane tank by controlling the amount of fluid 
passing through the unit. The flow passes through the unit twice, 
once in the form of liquid and the second time in the from of gas. 

Operation: 

The liquid methane is routed from the inlet port through the normally 
open poppet valve to the outlet port. The outlet port is directed to 
a heat exchangar where tha liquid is gasified. The gaseous methane 
is directed back to the unit to the actuator supply pressure port to 
a normally closed backpressure relief valve, to the external side of 
the actuator bellows, through an orifice to the internal side of the 
actuator bellows, and to a normally closed pilot valve. 

the pressure to the actuator supply pressure port continues to 
rise, the backpressure relief valve opens and bleeds off flow to the 
tank pressure port. Tha backpressure relief valve maintains the 
pressure at a predetermined value above the tank pressure port. Since 
the tank pressure port is connected to the methane tank U also provides 
a means of sensing the tank pressure to the evacuated sensing bellows. 

As the tank pressure rises to calibrated setting of the evacuated 
sensing bellows, tha evacuated sensing bellows moves to open the 
pilot valve which bleeds off the internal pressure of the actuator 
bellows. The flow into tha actuator bellows is restricted by an 
orifice which creates a pressure differential across the actuator 
bellows, causing the poppet valve to modulate towards the closed 
position. This reduces the liquid flow through the heat exchanger, 
and reduces tha pressure to the actuator supply pressure port. In 
turn, this action reduces the flow into the tank, to limit the tank 
pressure to the desired absolute valve. 

The poppet is inlet pressure balanced by a bellows of identical area 
I of the poppet valve and Is exposed to the same differential press' ire 
!■» tlw popimt but with e forne reeiitlmi In Hie opposite direetlmi 
! Tlw exterior of tlw unit is Insulated to limit tlw treat trensfer into 

i lie I low mettle 


Figure 78, - Absolute tank pressure regulator. 





6*2.5 Absolute tank pressure regulator. - The absolute tank pressure regulator 
is required to sense the tank absolute pressure, and supply methane as required 
to a vaporizing heat exchanger (boiler) to generate vapor for tank pressuriza- 
tion, if normal tank boil-off is not sufficient to maintain tank pressure at the 
-primary relief valve absolute pressure level, table 36. 

A schematic diagram and description of the valve design and operation are 
presented in figure 78. 

TABLE 36. - PRESSURE REGULATOR DESIGN PARAMETERS 



Liquid Side 

Gas Side 

Rated flow 

0.02 kg/sec 

0.02 kg/sec 


(0.050 Ib/sec) 

(0.050 Ib/sec) 

• Pressure drop 

1.77 kPa 

77.33 kPa 


(0.256 psid) 

(11.22 psid) 

Operating pressure 

272.3 kPa 

262.0 kPa 


(39.5 psia) 

(38.0 psia) 

Regulated pressure 

- 

124 kPa 
(18.0 psia) 

Duct diameter 

0.960 cm 

0.960 cm 


(0.378 in) 

(0.378 in) 

Estimated MTBF 

40 000 hr 



6.3 Environmental Emissions 


In their efforts to control air pollution, the Environmental Protection 
Agency (EPA) instituted the control of aircraft engine exhaust emissions in 
1974 when limits were applied to engine exhaust smoke. The EPA currently is 
negotiating with industry to establish and apply reasonable limits to gaseous 
exhaust emissions from aircraft engines consisting of oxides of nitrogen (N0 X ) , 
carbon monoxide (CO), and unburned hydrocarbons.. These controls are expected 
to be in force as early as 1981; consequently, the aircraft engine industry has 
been trying to develop the technology and hardware necessary to meet them. 

Emissions reduction by hardware changes are limited and depend to a large 
degree upon the type of fuel used. In this regard, clean-burning combustion 
research programs by the National Aeronautics and Space Administration (NASA) 
have revealed that the level of harmful exhaust emissions produced during the 
combustion process is inversely proportional to the percentage by weight of • 
hydrogen in hydrocarbon fuels. This trend is illustrated in figure 79. The 
most critical conditions for smoke and N0 X production is at takeoff power. For 
CO and unburned hydrocarbon the most critical condition is at idle power. 

Hence, emission data for those powers only are shown. Although available test 
data range from 10.5 percent to 16 percent, the trend at higher hydrogen con- 
centrations is apparent. The curves have been extrapolated in order to anti- 
cipate the effect of burning methane fuel on engine exhaust emissions. The 
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maintain an absolute tank pressure of 155.1 kPa (22.5 psla). In the event of 
failure of the primary valve, the secondary valve maintains tank pressure at a 
higher value, thus revealing the primary valve malfunction. The electric motor 
shutoff valve is required for use as a purge gas vent valve when initially fill- 
ing the system. 

Significant parameters of the design are: 


Rated Flow 
Relief pressure 
Pressure Drop 
Duct diameter 
Estimated MTBF is: 


Primary Pressure 
Relief Valve . 

0.01 kg /sec 
CO. 022 lb/sec) 

141.3 kPa 
(20.5 psia) 

0.025 kPa 
(0.1 in. H 2 0) 

7.32 cm 
(2.88 in.) 


Secondary Pressure 
Relief Valve 

0,01 kg/sec 
(0.022 lb/sec) 

155.1 kPa 
(22.5 psia) 

0.025 kPa 
(0.1 in. H 2 0) 

7.32 cm 
(2.88 in.) 


Primary pressure relief valve 50 000 hr 

Secondary pressure relief valve 50 000 hr 

Vent valve 15 000 hr 

A schematic diagram and description of the valve design and operation are 
presented in figure 77. 

Referring to the schematic drawings for the pressure relief valves, the 
operation may be understood as follows: Vapor from the tank bleeds through the 

poppet orifice into the reference pressure chamber and incurs a pressure drop 
through the orifice. The pilot valve and partially evacuated bellows bleed 
vapor from the reference pressure chamber as required to maintain the chamber 
absolute pressure at a preselected value. The resulting chamber pressure is 
determined by the design of the pilot valve and partially evacuated bellows, 
and by the position setting of the adjustment screw. The value of chamber ab- 
solute pressure is selected to be such that the resulting pressure force on the 
main poppet, plus the force of the poppet actuation bellows, is just equal to 
the desired tank pressure times the main poppet area. If the tank pressure 
slightly exceeds the desired value, the main poppet will open to a modulated 
position, thus venting vapor from the tank and thereby limiting further in- 
crease in tank pressure. 
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tlii-. mill ib a manual ly aim aft qu i • >. 'Iii^aimici 

ahuloff va l va , di-stgoed Ini ctyng<ni<: norvica. The unit uMllbta 
r, f An airlornu fual tank adapter a rv I 4 fi«gnj hoi* 

noth components ifu insulated to ulnibiia tU hMt transfer to the 
lloo Mdu. Tha evaluated doublu wall fallow* anals In tha (ground 
hob* adapter also contributes to i'n.laL»* ihe ambient temperature flu"* 
the I low media and in <<tt.titiijn oliriinatoa tho re*iu 1 itaniu lor a 
a luting atialt ■< it . 

Tha unit la shown in t h.i ulosod puitlun, with ground hoaa adapter 
fully mated to tho <1 rlorna fuel tank, adapter. Dual caps art. provided 
lor use whan the two ■•lament a .<r« d 1 n;nr>n«ct*d . Unit tolerances an- 
auch that any sirborno fual tank adapter can be mated to any grr.<n<J 
hoaa adapter. The failing plick disconnect components cannot bn 
Interchanged with tho vapor recovery quick disconnect components shown 
in schematic P 12r4c?4. 

The design of the unit provides a minimum duct volume between tier two 
halvea to eliminate tho need to purga the connection prior to opening 
the valve. 

Operation 1 

To connect the two adapture, the ground hoao «<la,ti:i ia manually 
positioned to the fuel tank adapter. The com.-’ aurfsen on the 
connector aleeve guides tl.e two halvea together so that the cam luck 
tangs are aligned and the interlock ring ia displaced unlocking tho 
connector aleeve from the ground hose adaptor body. With tho inter- 
lock ring in the position shown, the connector aleeve can be rotated 
in tho direction shown. This action advances the cam lock tang* which 
fully mates the two halvea, placing tho poppets faco to Taco and 
soating tho interface seal. 

When the connector aluuvw la rotated to the fully locked position, 
tho interlock rod dil.-r.t aligne with tho interlock rod. 

To open the unit, thu opening heudlu la rotated in tho direction cliown 
which advances tho interlock rod into tho detent arid through tho 
actuating linkage, displacing the two poppets to tha full open 
position. 

To d i icnnmct tha unit, tlia opening handla ia first rotated back to 
the cloaad position which closes both poppets (aa shown) and with- 
draws the detent on the connector sleeve intetlock rod from tha detent 
of tha connector sleuve. The connector aleeve can then he rotated to 
tha unlocked position to docoupla tha unit. As tha two halvaa are 
saparatad, the Interlock ring is spring loaded back into tha connactor 
Sleavo splins preventing rotation of the connector aleeve. 

Tha interlock ring prevents Inadvertent rotation of the connector 
aleeve and subsequent opening of ths ground hoaa adapter (by opening 
handle rotation) when mot properly mated to the fuel tank adaptar. 

The interlock rod prevents accidental decoupling of the unit whan 
tha valva Is in tha open position. 


Figure .76. 


Vapor recovery quick disconnect. 





6.2.3 Vapor recovery quick disconnect. - The vapor recovery quick disconnect 
is a manually operated quick disconnect and shutoff valve assembly, intended 
for use in vapor recovery during the aircraft fueling operation. The unit 
consists of an airborne adapter mounted in the aircraft at the fueling inter- 
face, and a ground hose adapter mounted at the end of the ground vapor recovery 
line. Each unit includes an internal valve which is normally seated, preventing 
flow through the valve, and which is automatically unseated when the two mating 
units are joined and secured to each other. 

It is a design requirement that no hazard to personnel or equipment occurs 
if ice forms on the units prior to, during, or after the fueling operation, and 
that the presence of ice on either mating unit does not interfere with the mat- 
ing process. In addition, it is required that the design of the mating units 
does not permit ingestion of ice, water or other contaminants into the system 
during the filling process. 

The adapter in the aircraft must be easily replaceable and designed to 
break away without damage to the aircraft if the supply truck pulls away from 
the aircraft without disconnecting the supply hose, and that the part of the 
adapter remaining in the aircraft automatically closes in the event of a break, 
to preclude the loss of methane. 

The quick disconnect must be suitable for manual handling, installation, 
and control, by personnel wearing the necessary protective gloves and clothing, 
and the required manual force of installation and actuation must not exceed 
22.2 daN (50 lb). 

From the safety viewpoint, the ground vapor recovery adapter must be de- 
signed to preclude inadvertent mating with the fueling nozzle. Furthermore, 
complete electrical contact must be established between the tiro adapters before 
they are connected, and the contact resistance must not exceed 10 ohms. 

Significant parameters of the design are: 

Rated flow 0.32 kg/sec (0.70 lb/sec) 

Pressure drop 3.45 kPa (0.50 psid) 

Operating pressure 137.9 kPa (20.0 psia) 

Duct diameter 7.32 cm (2.88 in.) 

A schematic diagram, and description of the quick disconnect design and 
operation are presented in figure 76. 

6.2.4 Absolute tank pressure relief and vent valve.- The absolute tank pres- 
sure relief and vent valve is an assembly consisting of two tank pressure re- 
lief valves and an electric motor driven shutoff valve. One tank pressure 
relief valve is designated the primary relief valve and is designed to maintain 
an absolute tank pressure of 141,3 kPa (20.5 psia) and the other tank pressure 
relief valve is designated the secondary relief valve and is designed to 
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Description: 

This Is on tl ectr tc motor opereted poppet-typo shutoff ulve 
designed for cryogenic operation. 

Tho waive has on Insulated flow body to reduce hoot trensfer 
to tho cryogenic flow medie. The flow body hi* on totogrol 
bol lows-steied poppet assembly which eliminates tho Rood for 
my sliding Holt. 

Tho volvo Is oporotod by o reversible brushless electric motor 
dr Ivon octuotor Assembly. Tho octuotor tttmbly 1 » r«pl«J- 
oble without opening tho cryogoRlc line. After removing the 
dotont lock rod, tho bolls oro froo to de-couple from tho poppot 
Assembly. Allowing cowploto removel of tho Jock screw end 
octuotor ossombly. Tho dotont lock rod hoi o tapered end to 
Allow re-coupling of tho Jock scrow rod whon re-lnstelllnt 
o new octuotor ossombly. 

All eloctrlcol components ore locotod outside of the flow 

medio oroo. 

Qperotlon: 

With the motor opproprlotely energized. the motor torgue 
Is tronsmlttod to the spur goor which Is threoded to the J«ck 
screw. Th. Jock screw Is splUed to the flow.body end cojeled 
to the poppet Assembly through the detent boll lock. As tee 
spur goor rototes .the Jock screw moves thd ptppet ossombly to 
tho full open or full closed position, os ditlrod. 

An override spring Is Incorporotod In tho poppot ossombly to 
limit tho volvo seeling forco. 

A vlsuel position Indlcotor Is provided to Ipdtcote poppot po- 
luion. Open «nd clos.d position switches oro locorMirotod to 
limit the volvo trovol end to provide o remote Indlcettom whon 
the volve Is In the open or closed position. 

A pressure relief volve Is provided to Prevent encesslv J 
sure build-up duo to thermal expansion of the flow mtdlo whon 
the volvo Is In tjhe closed position. 

Electrlcil Operotl on : 

Energize Pins C A A to dost tho volvo. 

Energize Pins C I B to open tho volvo. 

Continuity between Pins E A D volvo closed. 

Continuity between Pins F I 6 volvo open. 


hutoff valve 



For this valve and the following selected components to be discussed, the 
conceptual design, estimates of performance, and MTBF (mean time between failures) 
are based upon experience with similarly designed equipment. In addition, the 
nonrecurring design and development costs, and the production costs in the quan- 
tity of 350 ship sets plus 20 percent spares were estimated, and the results 
used as an input to the evaluation of aircraft costs. 

6- 2 - 2 Ground fueling quick disconnect.- The ground fueling quick disconnect 
is a manually operated, aircraft fueling quick disconnect and shutoff valve 
assembly, intended for use in the aircraft fueling operation. The unit con- 
sists of an airborne adapter mounted in the aircraft at the fueling interface, 
and a ground hose adapter mounted at the end of the ground fueling line. Each 
unit includes an internal valve which is normally seated, preventing flow 
through the valve, and which is automatically unseated when the two mating units 
are joined and secured to each other. 


It is a design requirement that no hazard to personnel or equipment occurs 
if ice forms on the units prior to, during, or after the fueling operation, and 
that the presence of ice on either mating unit does not interfere with the mat- 
ing process. In addition, it is required that the design of the mating units 
does not permit ingestion of ice, water, or other contaminants into the system 
during the filling process. 

It is required that the adapter in the aircraft be easily replaceable and 
designed to break away without damage to the aircraft if the supply truck pulls 
away from the aircraft without disconnecting the supply hose, and that the part 
ot the adapter remaining in the aircraft automatically closes in the event of a 
break, to preclude a spill of methane from the aircraft. 


The quick disconnect must be suitable for manual handling, installation, 
and control by personnel wearing the necessary protective gloves. The required 
manual force of installation and actuation must not exceed 22.2 daN (50 lb). 

From this safety viewpoint, it is required that the ground fueling adapter 
be designed to preclude inadvertent mating with the vapor recovery nozzle. It 
is further required that complete electrical contact be established between 
the two adapters before they are connected, and- that the contact resistance 
does not exceed 10 ohms. 


Significant parameters of the design are: 


Rated flow 
Pressure drop 
Operating pressure 
Duct diameter 


52.2 kg/sec (115 lb/sec) 
34,5 kPa (5,0 psid) 

275,8 kPa (40,0 psia) 
9.86 cm (3,99 in.) 


A schematic diagram, and description of the quick disconnect design and 
operation are presented in figure 75. 


143 



-73.3 C (-100 F) and is the purge air for the foam surrounding the tank insula- 
tion. The low dew point at sea level ensures that no moisture will condense 
and form ice in the foam. A pressure regulator senses the pressure in the foam 
and maintains it at 1.72 kPa (0.25 psig) above outside ambient. 

The compressor inlet is supercharged to 172.3 kPa (25 psig) by engine 
bleed air in flight. To ensure that a sufficient quantity of purge air is 
available in extremely rapid rates of descent, a pressurized accumulator which 
contains sufficient air to pressurize the foam to sea level density from an 
altitude of over 12 192 m (40 000 ft) has been added to the system. 

An estimate of the weight of this system is contained in table 35. 

This total weight of 86.4 kg (190,4 lb) for supplying dry air to the foam 
purge distribution system for both flight and layout conditions represents a 
significant reduction in weight penalty when compared to the 134.9 to 378,8 kg 
(297.5 to 835 lb) required for storing liquid nitrogen, 

TABLE 35. - AIR PURGE SYSTEM WEIGHT ESTIMATE 


Component 


Weight 



kg 


(lb) 

Compressor & Interstage Coolers 

11.34 


(25.0) 

Drive Unit (400 hertz, 200 volt, 3<£) 

9.07 


(20.0) 

Expansion Turbine 

9.07 


(20.0) 

Gear Box 

9.07 


(20.0) 

Aftercooler 

1.36 


(3.0) 

Mechanical Filter 

6.35 


(14.0) 

Dessicator 

9.07 


(20.0) 

Backpressure Valve 

0.68 


(1.5) 

Air Storage Bottle 

20.87 


(46.0) 

Shutoff Valve 

0.48 


(1.05) 

Pressure Regulator 

0.91 


(2.0) 

Relief Valve 

0.23 


(0.5) 

Plumbing & Contingencies (+ 10%) 

7.85 


(17.3) 

Total 

86.34 


(190.4) 
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6.2 Design Concepts for Major Methane Fuel System Components 

Five fuel system components having critical operational requirements or 
technically challenging design requirements were selected for conceptual design 
studies. The components studied were: 


• Fuel level control shutoff valve 

• Ground fueling quick disconnect 

• Vapor recovery quick disconnect 

• Absolute tank pressure relief and vent valve 

• Absolute tank pressure regulator 

Operational and performance requirements were established for each selected 
component based upon the preliminary fuel system analysis. These requirements 
were used as the starting point for the component conceptual designs and, in 
some instances, iteration of the requirements was performed to ensure or im- 
prove development feasibility. 


In addition, some general design requirements were established which ap- 
plied to all components. These requirements had to do with materials compati- 
bility with methane, materials corrosion resistance, avoidance of dissimilar 
metals in contact, accessibility of the component for installation and adjust- 
ment and, in some cases, means for indicating satisfactory functioning or fail- 
ure. These general requirements were also considered in the analysis and selec- 
tion of the individual component design concepts. 


6.2.1 Fuel level control shutoff valve. - The fuel level control shutoff valve 
is an electric motor operated valve, having the purpose of admitting and stop- 
ping the flow of fuel to a fuel tank. In addition, it has the special require- 
ment for a pressure relief valve set at 1.25 times the maximum stabilized 
blocked fueling line pressure to provide for thermal pressure relief of the 
fueling line after valve closure. Significant parameters of the design are: 

Rated flow 13.05 kg/sec (27.5 lb/sec) 


Pressure drop 
Operating' pressure range 
Operating temperature range 
Duct diameter 
Estimated MTBF 

A schematic diagram, and description of 
presented in figure 74. 


23.2 kPa (3.36 psid) 

241 to 193 kPa (35 to 28 psia) 

116. 7°K to 328°K (210°R to 590°R) 
5.08 cm (2,00 in.) 

15,000 hr 

the valve design and operation are 
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Figure 80. Engine mounted liquid methane heat exchanger system. 




TUBES 

TUBE O.D. 0.32 cm (0.125 in.) 

TUBE WALL 0.030 cm (0.012 in.) 

TUBE MATERIAL 304CRES 

TOTAL NUMBER OF TUBES 
NUMBER OF METHANE PASSES 
NUMBER OF OIL PASSES 
TUBE WEIGHT 

TOTAL HEAT EXCHANGER WEIGHT 


528 

1 

5 

2.95 kg (6.5 lb) 
6.80 kg (15 lb) 


Figure 83. - Engine oil to methane heat exchanger. 
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AIRFLOW LENGTH 

44.2 cm (17.4 in.) 

WIDTH 

12.7 cm (5.0 in.) 

HEIGHT 

10.77 cm (4.24 in.) 

FINNED TUBES 

TUBE O.D. 

0.64 cm (0.25 in.) 

TUBE WALL 

0.04 cm (0.016 in.) 

TUBE MATERIAL 

304CRES 

FIN O.D. 

1.27 cm (0.50 in.) 

FIN SPACING 

0.06 cm (0.025 in.) 

FIN THICKNESS 

0.010 cm (0.004 in.) 

FIN MATERIAL 

OFHC COPPER 

FIN AND TUBE COATING 

NiCr 


320 

4 

7.71 kg (17.01b) 
18.1 kg (401b) 


Figure 82. - Turbine-cooling air to methane heat exchanger. 
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OUTSIDE DIAMETER 
INSIDE DIAMETER 
AIR FLOW LENGTH 

INVOLUTE TUBE LENGTH 
CIRCUMFERENTIAL TUBE SPACING 
AXIAL TUBE SPACING 
TUBE O.D. 

TUBE WALL 
TUBE MATERIAL 
TOTAL NUMBER OF TUBES 
NUMBER OF METHANE PASSES 
TUBE WEIGHT 

TOTAL HEAT EXCHANGER WEIGHT 


Figure 84. - Engine exhaust fuel 


126.5 cm (49.8 in.) 
56.4 cm (22.2 in.) 
9.53 cm (3.75 in.) 

56.9 cm (22.4 in.) 

6 DIAMETERS 
1.25 DIAMETERS 
0.478 cm (0.188 in.) 
0.030 cm (0.012 in.) 
304 CRES 
1008 
4 

19.46 kg (42 3 lb) 

40.8 kg (90 lb) 


heater. 
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The equivalent flow rate of methane as compared to hydrogen is estimated 
from 15.6 C (60 F) where the lower heating value of methane is 50.0 mJ/kg 
(21 518 Btu/lb) . The change in enthalpy from 15.6°C to 422°C (60°F to 759°F) 
is estimated at (-1059.8 - (-)1546.2) = 486.4 Btu/lb. Therefore, the total 
heating value is 21 518 + 486 = 51.1 mJ/'kg (22 004 Btu/lb). 

Similarly for hydrogen, the LHV is 119.9 mJ/kg (51 590 BTU/lb) . The incre- 
ment from 15.6 C (60 F) to 422 C (759 F) is 5.85 mJ/kg (2516.4 Btu/lb). The 
total heat value is then 125.7 mJ/kg (54 100 Btu/lb). The relative flow of 
methane is then: 


54 100 
22 000 


2.459 


The hydrogen flow rate in cruise was 9.95 kg/min (21.94 lb/min) so the 
corresponding methane weight flow is: 


Weight CH 4 = 2.459 (21.94) = 24.47 kg/min (53.95 lb/min) 
The maximum amount of heat added to the methane is then: 


Total Heat = weight X A H - 53.95 X 848 

= 106,5 mJ/kg (45 750 Btu/min) to reach 
677°K (1219°R) 

The prime reason for the selection of 200°K (360°R) as the mixed recircu- 
lation fuel inlet temperature is to prevent the freezing of water condensate in 
the turbine-cooling air heat exchanger. With the 200°K (360°R) inlet tempera- 
ture, the minimum tube wall temperature is 323°K (581°R) , well above the 
freezing point Q of water at 273. 3°K (492°R) . In addition, the fuel inlet temp- 
erature of 200 K (360 R) will keep the methane as a single— phase gas, thus 
simplifying and eliminating two-phase design uncertainties for the turbine cool- 
ing heat exchanger. 

The other salient points of the system as shown in figure 8-81 are: 

• The methane is all vaporized in mixing. 

• The ECS bleed exchanger is eliminated. 

• Relative to the hydrogen system, the oil cooler inlet temperature has 
been raised by 100 degrees to 433°K (780°R) to allow sufficient log 
mean temperature difference (LMTD) for that exchanger. 

• The turbine-cooling air exchanger load was decreased by 15 percent, 
also to allow sufficient LMTD for the oil cooler. 

This system has been used for heat-exchanger sizing. Table 37 is a tab- 
ulation of all heat-exchanger design conditions. Figures 82, 83, and 84 
show the configurations, flow patterns, and physical characteristics of each. 
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8 . FUEL TANK INSULATION 


Previous studies (references 3, 4, and 17) of cryogenically fueled air- 
craft have proposed a number of insulation concepts for various flight missions. 
Under the current program, six of the more promising concepts were systemati- 
cally investigated to derive a system(s) to optimize the LCH 4 subsonic trans- 
port aircraft design. Initially, the six concepts were subjected to a screen- 
ing level of analysis to provide preliminary design data inputs for selection 
of the preferred aircraft configuration. Once the configuration was established 
an in-depth analysis was carried out to optimize the candidate insulation for 
each aircraft fuel tank. 

During the concept screening phase, the six insulation systems were 
evaluated with regard to safety, performance, producibility, and operational 
requirements. Five fuel tank geometries were considered in this phase. After 
selection of the most promising candidate insulation, this system was opti- 
mized using a detailed thermodynamic analysis program. Potential performance 
benefits derived from fuel subcooling were also investigated. 


TABLE 37. - LIQUID METHANE HEAT -EXCHANGER DESIGN CONDITIONS 



Turbine Cooling 
Air HX 

Oil Cooler 

Engine Exhaust 
HX 

Total Heat Transferred, kJ/min (Btu/min) 

22 634 (21,434) 

4012(3800) 

21 660 (20 511) 

Shell Side Air (Oil) Flow, kg/min (Ib/min) 

49.9(110) 

57.6 (127) 

1144 (2523) 

Air (Oil) Inlet Temp., °K (°R) 

791 (1423) 

433 (780) 

778 (1400) 

Air (Oil) Outlet Temp., °K (°R) 

357 (643) 

401 (722) 

760 (1369) 

Air Inlet Pressure, kPa (psia) 

1515.5(219.8) 

- 

40.04 (5.81) 

Air Pressure Drop 4P/P inlet 

0.028 

- 

0.017 

Oil Pressure Drop, kPa (psi) 

- 

112(16.2) 

- ‘ 

Shell Side Effectiveness 

0.734 

0.450 

0.0442 

Tube Side Methane Flow, kg/min (Ib/min) 

56.38 (124.3)* 

56.38(124.3)* 

24.47 (53.95) 

Methane Inlet Temperature, °K (°R) 

200 (360) 

361 (650) 

389 (700) 

Methane Outlet Temperature, °K (°R) 

361 (650) 

389 (700) 

677(1219) 

Methane Pressure Drop, kPa (psi) 

57.9 (8.4) 

66.9 (9.7) 

17.2 (2.5) 

Tube Side Effectiveness 

0.272 

0.387 

l 

0.742 

•Recirculation flow of 70.3 Ib/min methane required to prevent water condensate from freezing in the turbine-cooling 
heat exchanger and to avoid two-phase flow on the methane side. Methane temperature before mixing recirculation 
flow is 2 1 0° R (-250° F). 
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8.1 Design Criteria And Concepts 


Selection of the insulation system for a commercial LCH^-fueled transport 
aircraft fuel system is constrained by the requirements of maintaining minimum 
operating costs and achieving a very high level of safety throughout the air- 
craft lifetime. To realize cost goals, the system must combine lightweight 
construction with low heat transfer characteristics, the latter consistent 
with in-flight tank pressurization requirements; have a high reliability, long 
life cycle; and have development and initial costs commensurate with commercial 
aircraft practices. Safety considerations must include not only loss of life 
or aircraft during a flight or ground operation incident, but also failures 
potentially dangerous to maintenance operations. Design requirements and 
safety, performance, and operational criteria were established for the fuel 
containment system of the aircraft. Prior cryogenically fueled aircraft study 
results and commercial and aerospace experience with cryogenic insulations 
were used to develop thermal performance data and to evaluate potential prob- 
lem areas and assess the applicability of each insulation concept. 

8*1-1 Criteria. - The general criteria for evaluation and ranking of the 
insulation concepts are as follows: 

• Safety - No single or probable combination of failures will lead to 
loss of life or aircraft. Assessment of failure modes and their 
overall impact is to be consistent with current or anticipated safety 
practices applicable to commercial aircraft in 1990-1995 and to stor- 
age and handling of liquid methane. Modes of failure are accidental 
penetration of exterior surfaces, air or LCH^ leakage into insulation 
or aircraft, malfunction of purge or vacuum system and associated 
control components, toxicity of products in event of external fire. 

• Performance - Minimization of aircraft direct operating cost (DOC) . 

DOC is evaluated as a function of system inert weights (including 
accessories associated with purge/vacuum concepts), fuel vaporized 

to maintain tank pressure and nonrecoverable fuel loss (vent) weights, 
system volume, and maintenance requirements (inspection/repair/ 
replacement) . 

• Producibility - Each system must be designed so it can be fabricated and 
assembled consistent with aircraft practices. 

• Operations - Inspection, servicing, and maintenance requirements and 
life expectancy should be consistent with current airline operating 
practices. Costs estimates are for production of 350 ship sets plus 
20 percent spares. If costs are competitive, the selection favored 
the concept with the lowest energy consumption. 



8.1.2 Concepts. - Based upon the results of a LH^-fueled aircraft study 
(reference 4 ) six insulation concepts were selected for initial evaluation 
for application to the LCH^ aircraft fuel tanks. The insulations were as 
follows: 

1. Internal reinforced closed cell foam (SIV-B Type) 

2. Internal open cell foam (PPO) 

3. Internal perforated honeycomb 

4. External closed cell foam 

5. External flexible vacuum jacket, microsphere insulation 

6 . External GN^ purged fiberglass 

Insulation concepts using helium-purging or combinations of insulations, 
such as a self-evacuating honeycomb substrate with external foam or 
purged fiberglass, were not considered for this application as liquefaction 
of air products on the tank wall is not a consideration for the methane case. 
High-vacuum MLI insulation, as is achieved with a rigid vacuum shell 
offers no heat transfer benefit for the LCH 4 system. Finally, self-evacuating 
concepts would not operate with air products as the interstitial gas because 
of the relatively high temperature for LCH^ storage. It would be necessary 
to fill such a system with a higher molecular weight gas which would condense 
as a solid at the LCH 4 tank wall temperature. Prevention of replacement 
of this gas by air (noncondensible) diffusion over an extended time period 
would present a major technology problem. 

Figure 85 illustrates the general configuration of each concept. The 
vacu um and purge systems schematics for the latter two concepts are shown 
by figures 86 and 87, respectively. 

The three basic fuel tank concepts of all fuel in fuselage, fuel in 
wing plus fuselage and fuel in wing and wing-mounted pylon tanks involve 
five basic tank configurations. These are: 

• Conical aft tank 

• Spherical forward tank 

• Toroidal forward tank 

• High length-to-diameter cylinder (pylon) 

• Low depth-to-width rectangular tank (wing). 
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Figure 85. - Schematic of insulation concepts. 
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Figure 86. - Vacuum system for evacuated microsphere insulation system 
no . 5 . 


All insulations were not analyzed for each tank as producibility and opera- 
tional considerations preclude some combinations. An internal insulation is 
required for the wing tanks if reasonable sizes and volumes are to be realized. 
A nonintegral tank (separate fuel tank with insulation, all contained within 
the wing structure) presents major installation and servicing problems and 
also is thermally very inefficient. The latter arises from the very large 
surface area-to-volume ratio for this tank configuration. Pylon tanks also 
require a lower thermal conductivity insulation because of their large 
surface-to-volume ratio. Table 38 presents the insulations analyzed for 
each type of tank. 
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Figure 87. Purge system for external GN 2 purged insulation system no. 6. 
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TABLE 38. - CANDIDATE INSULATIONS ANALYZED FOR EACH OF FOUR 
TANK CONFIGURATIONS 



Aft 

Forward 

1 

Pylon 

Insulation 

Tank 

Spherical Tank 

M8m 

Tank 

Internal Polyurethane (SIV-B) 

y 


y 

(a) 

Internal PPO 

y 

y 

y 

(a) 

Internal Honeycomb 

y 

(b) 

y 

(b) 

External Polyurethane 

y 

y 


y 

External microsphere 

y 

y 


(c) 

External GN2 Purged Fiberglass 

y 

y 


' y 

Notes (reasons why analysis was not performed): 




(a) Very poor thermal performance compared to other systems for this tank 


- 

] (b) Thermal performance comparable to PPO but more technology development required. 


(c) Fabrication of vacuum jacket very costly for this geometry. 




fci 


8.2 Concept Screening 

Each insulation system was analyzed with regard to safety, performance, 
producibility , and operational requirements. These analyses considered the 
following parameters: 

Safety 

• Potential malfunctions 

• Leak detection 

• Flammability and toxicity 

• Inspectability 
Performance 

• Heat input to fuel (evaporated and vented) 

• Weight and volume. 
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Producibility 


• Approach 

• Development and manufacturing requirements. 

Operations 

• Inspection, maintenance, and operational requirements 

• Life expectancy. 

Results of these studies were then compared to rank each concept for the 
selection of a candidate for the optimization study. 

8.2.1 Safety analysis .- The safety analysis methodology is derived from 
reference 4 modified to reflect the operating conditions and properties for 
LCH 4 fuel. It considers four major parameters, shown in Table 39, with 
a numerical weighting factor assigned to each. The malfunction parameters 
consider the type of failure (i.e.,- vacuum jacket leakage), the condition 
resulting from this failure, its effect on flight operation and aircraft 
safety, and protective measures that could be provided to overcome or 
minimize the failure effect. A maximum value of 4 is assigned to the most 


TABLE 39. - SAFETY RANKING CRITERIA 


Criteria 

Ranking Weight* 

Malfunction of Component or System 


Barriers 


• Permeability and Leakage 
t Rate of Flow Based Upon A P 

4(CH*, Air) = Total of 8 \ c _ . . .. . 

2(Ch}, Air) = Total of 4/ For Each Considerate 

• Effect of Thermal Cycles 

3 

• Resistance to Accidental Penetration 

4 

Active Systems 

3 

Leak Detection and Control 


• Time 

1 

• Sensitivity 

1 

• Safe Inerting in Service 

3 

• Safe Inerting for Tank Inspection 

3 

Flammability and Toxicity 
Inspectability 

2 

• Tank 

1 

• Barrier 

1 

*4 • Maximum Importance: Total of 34 = Maximum Safety 




severe condition with 3, 2, etc. signifying lesser severity. For each severity 
value (4, etc.) each system is ranked; the lower the number the poorer the 
performance. For example, failure of the tank wall by a crack would permit 
GCH 4 t0 permeate the cells of the external foam which would present a major 
safety hazard for servicing operations if this leakage is not known to be 
present. The problem of LCH 4 leakage from the tank is examined in terms of 
the ability to detect leakage into the insulation and airframe interior (see 
Section 6 for a leak detection method) . A second factor is the potential for 
removal of methane or inerting of the system during aircraft operation and when 
it is necessary to remove the fuel tank for maintenance or repair. Flammability 
of the materials used in the system and the possible toxic products resulting 
from combustion of a material are the third factors in the analysis * The 
final factor is how the system design affects the capability to inspect for 
tank wall or vapor barrier leakage during servicing or maintenance operations. 

For purposes of comparison, numerical ranking factors were assigned to 
each individual parameter. A value of four signifies maximum importance 
with smaller values indicating safety considerations of lesser impact on 
aircraft and passenger safety. The ranking scale was selected to give an 
acceptable value of resolution for comparison between concepts and was 
consistent with the level of analysis. 

The ranking of the six insulation concepts on the basis of table 39 in 


order of decreasing safety is as follows: 

Concept Ranking Score 

(lOO Max Possible) 

Internal Closed Cell Reinforced Foam 69 

Internal Open Cell PPO Foam 74 

Internal Honeycomb 74 

External Closed Cell Foam - MAAMF Barrier* 81 

External Evacuated Microspheres 81 

GN 2 Purged Fiberglass 75 


* With leak detection system of Section 6 . 

8.2.2 Performance analysis. - A preliminary screening analysis was conducted 
to evaluate the design mission insulation thickness. Initial tank sizing 
to determine heat transfer area was based upon a tank volume which would 
contain the design mission fuel load with 5 percent unusable volume for 
ullage and internal components. This tank size was used to compute fuel 
losses for seven segments of a 24-hour period having fuel withdrawal in- 
crements, ambient temperatures, and times as shown in table 40. An initial 
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TABLE 40. - MISSION FUEL SCHEDULE 



Time (hr) 

Fuel 

Fraction 

Ambient 

Temperature 

Segment 

Segment 

Total 

Percent 

°K 

°R 

1. Ground, After Fueling, 
Engines Off* 

0.283 

0.283 

95 

290 

522 

2. Taxi 

0.233 

0.516 

94.3 

290 

522 

3. Takeoff 

0.0817 

0.598 

93.5 

290 

522 

4. Climb 

0.743 

1.341 

90.5 

290 

522 

5. Cruise 

10.273 

11.614 

54 

222 

400 

6. Descent-Land 

0.383 

11.997 

16 

222 

400 

7. Ground 

12.003 

24.000 

15 

290 

522 

* APU Fuel not Included 







tank pressure of 145 kPa (21 psla) and a minimum allowable pressure of 
110 kPa (16 psia) was assumed for the mission. By successive iterations, the 
tank size and fuel loss converged to give the correct tank dimensions for the 
design mission fuel requirement. Transient conditions were accounted for by 
computation of the time constant for each insulation using a stepwise ambient 
temperature change from ground to cruise and proportioning the cruise and 
ground segment (5 and 7) into two ambient temperature conditions. This re- 
sulted in a gross approximation of heat storage within the system. The ini- 
tial screening analysis method was used to rank each candidate for each tank 
type on a relative basis. The highest ranked concepts were then subjected to 
a detailed analysis to develop absolute performance figures for the final 
design. 

The temperature-dependent properties required for the thermal analysis 
of the concepts and the sources from which the data were obtained, are as 
follows : 


• Methane - Liquid and vapor phases 
Density 

Compressibility 
Vapor pressure 
Thermal conductivity 


Specific heat 












Latent heat of vaporization 

Viscosity 

Sonic velocity 

Properties data were taken from references 18 and 19. 

• Tank - Aluminum - 2219 alloy. 

Density (reference 20) 

Thermal conductivity (reference 21) 

Specific heat (reference 20) 

• Insulations - Where available, data were taken from the literature 
for the specific material. In cases where data were not available, 
the properties were estimated using those of similar materials. 

Refer to table 41. Figure 88 shows the temperature-dependent thermal 
conductivity data for several of the insulations considered. 

TABLE 41. - DATA SOURCES FOR PROPERTIES OF INSULATION CONCEPTS 


Material 

Property and Data Source 

^-filled fiberglass 

Thermal conductivity and specific heat; ref. 20 

Stepan Foam BX250 

Thermal conductivity; ref. 16. Specific heat; ref. 20 for polyurethane 

Internal Polyurethane Foam, 

Density and thermal conductivity for GH 2 filled condition; ref. 22 

30 reinforced 



Specific heat from ratio of foam and glass reinforcement; ref. 20 

Internal PP0 foam 

reference 23 

Internal gas-filled honeycomb 

Density and thermal conductivity; ref. 24 and 25. Specific heat; extrapolated using 


ratios of constituents and ref. 20 

Microspheres 

Density and thermal conductivity; ref. 26 and 27. Specific heat; ref. 20 


Vapor Barrier/Vacuum Jacket - The vapor barrier is the MAAMF 
construction as follows: 

/er Material Description 

L ; 1.27 x 10 ^ era (0.5 mil) Mylar, Type A 

l Adhesive 

3 1.27 x 10 ^ cm (0.5 mil) Aluminum Series 1100.0 Foil 







Figure 88. - Thermal conductivity of candidate insulations. 


Layer Material Description 


4 Adhesive 

5 1.27 to 3.81 x 10“ 3 cm (0.5 to 1.5 mil) 

aluminum series 1100.0 foil 

6 Adhesive 

-3 

7 1.27 x 10 cm (0.5 mii) mylar, 

Type A 

8 Dacron or. glass net fabric 

_3 

The total thickness is 12.7 to 15.2 x 10 cm (5 to 6 mils), and it weighs 
0.225 kg/m 2 (0.046 lb/ft 2 ). 

-3 

Thermal conductivity of the vapor barriers and the thin 12.7 x 10 cm 
(5 mil) stainless steel vacuum jacket was not considered, because the thermal 
resistances introduced by these components are negligible. 
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8. 2* 2.1 Preliminary performance screening .- Initially, the aft tank was 
subjected to the screening analysis for all six of the insulation concepts to 
determine the more promising systems for the fuselage tanks. The results 
of the thickness optimization are shown in figure 89. On the basis of 
these results, the internal reinforced polyurethane foam was eliminated from 
further consideration for either fuselage or pylon tanks. Fuel loss plus 
insulation weights are the greatest for this system and relatively poorer 
performance would be expected for the pylon tank application because of the 
very large wetted area-to-volume ratio of this application. This insulation 
also shows poor performance for the wing tank application, figure 90. 

8. 2. 2. 2 Fuselage tank - insulation concept performance.- The fuselage tank 
geometries investigated in this phase were the cylindrical aft tank and 
the spherical forward tank. The toroidal tank was not investigated because 
of the complexity of the thermal analysis for this geometry which was beyond 
the scope of this program. Four insulations were analyzed for each tank. 

The internal reinforced foam and the internal honeycomb were not included. 

As stated earlier, the foam was eliminated because of poor performance. 

The honeycomb was not evaluated, because its weight versus thickness perform- 
ance* was similar to that for external foam and the development effort 
required to bring this concept to practicality is estimated to be very large. 

The results of the analysis for the external foam, microsphere and 
internal foam concepts are shown by figures 91 through 99. For the aft tank, 
the heat transfer analysis includes the insulating value of the open cell 
foam-Kevlar fairing which is ’used to cover the conic section. The tank heads 
have primary insulation only. For the spherical forward tank, primary foam 
only was used. The symbols used in the figures are as follows: 

fM^ - fuel vented in flight 

fM^ - fuel evaporated in flight 

gM^ - fuel vented on ground (recoverable) 

- insulation system weight. 

Foam weight includes 0.225 kg/m 2 (0.046 lb/ft^) for vapor barrier and 
0.220 kg/m 2 (0.045 lb/ft 2 ) for two layers of adhesive. Microsphere weights 
include 1.03 kg/m 2 (0.21 lb/ft 2 ) for the vacuum jacket and 90.7 kg (200 lb/ 
tank) for the vacuum system. The PPO weights include a single 7.62 x 10~ 2 cm 
(3 mil) adhesive layer for bond to the tank wall. 
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INSULATION THICKNESS cm 


Figure 89. - Comparison of six insulation concepts for the aft fuselage tank. 


8. 2. 2. 3 Internal wing tank performance. - The overall performance results 
for the three candidate internal insulations for the graphite epoxy tank 
configuration are given in figure 90. The honeycomb and reinforced poly- 
urethane foam were eliminated for the previously stated reasons. The weight 
performance of PPO as a function of insulation thickness is also shown in 
figure 100. The optimum insulation thickness is 6.35 cm (2.5 in.), and the 
sum of the weight of fuel evaporated in flight and the insulation weight is 
937 kg (2065 lb) per wing tank. 
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Figure 90. - Comparison of internal insulations for the wing tanks. 

8.2. 2. 4 Pylon tanks. - Two insulations were analyzed for this configuration. 
The external polyurethane foam showed better overall performance than the 
gaseous nitrogen-purged fiberglass concept. Internal insulation microspheres 
were not considered for this application. The former were eliminated because 
of their relatively poor thermal resistance on this configuration. The micro- 
spheres were not included because of their higher bulk density which will 
significantly increase insulation weight over that of the external foam for 
this large surface area to volume application. The results of the analysis 
for the foam concept, which was the minimum weight system, are shown in 
figures 101 and 102. The GN2~purged fiberglass concept had a 20 percent 
weight penalty and a 40 percent thickness penalty compared to the foam. 
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Figure 94. - Forward tank. Configuration 1, microsphere insulation 
68.9 kg/m^ (4 ..3 lb/ft^) with 5 mil SS jacket - 
includes 92.7 kg (200 lbs) for vacuum system. 







‘KEVLAR FAIRING AND OPEN-CELL FOAM WEIGHTS NOT INCLUDED 

Figure 95. - Aft tank. Configuration 1, microsphere insulation 
68.9 kg/m^ (4.3 lbs/ft^) includes 5 mil SS VAC 
jacket plus 92.7 kg (200 lb) for vacuum system. 
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Figure 96. - Configuration 1, microsphere insulation forward and aft tanks 
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Figure 102. - Pylon tank, configuration 3. 


8.2.3 Producibllity and operations analysis .- The producibility and 
operational analysis results were derived directly from reference 4. There 
is little difference in these criteria among the four more promising candi- 
dates. The results of reference 4 were placed in a qualitative type of rank- 
ing from 0 to 3, the latter being the highest ranking. The external foam 
has the highest ranking followed by the microspheres and then the G^-purged 
and PPO foam concepts. 

8.2.4 Candidate selection. - The results of the screening analysis are 
presented in table 42 for the several tank geometries. For the forward and 
aft fuselage tanks, the external polyurethane foam is judged to be the best 
candidate, with evacuated microspheres the second choice. The external foam 
would be the selection for a pylon tank and PPO internal foam for an integral 
wing tank. The latter two tank configurations, however, have been eliminated 
on the basis of overall aircraft considerations in Section 3. 
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TABLE 42. - SCREENING ANALYSIS 


Insulation Type 

External Closed - 
Cell Polyurethane 

External Evacuated 
Microspheres 

External GN 2 
Purged F/G 

Internal PPO 
Foam 

Tank Configuration 

Aft 

Fwd 

Pylon 3 

Aft 

Fwd Pylon 3 

Aft 

Fwd 

Pylon 3 

Aft 

Fwd 

Wing 3 

Insulation Thick- 

5.08 

6.45 

El 

2.87 

3.18 

7.62 

8.89 

7.11 

7.62 

7.62 

6.45 

ness cm (inches) 

(2.0) 

(2.5) 

m 

(1.13) 

(1.25) 

(3.0) 

(3.5) 

(2.8) 

(3.0) 

(3.0) 

(2.5) 

Insulation Weight 

226 

272 

254 

396 

396 

419 

437 

409 

293 

284 

427 

kg (lb) 

(498) 

(600) 

(560) 

(872) 

(873) 

(923) 

(963) 

(902) 

(645) 

(625) 

(940) 

Wt Fuel Vented 

191 

181 

247 

81 

79 

128 

121 

147 

179 

213 

341 

in Flight kg (lb) 

(420) 

(400) 

(544) 

(178) 

(175) 

(282) 

(267) 

(324) 

(395) 

(470) 

(751) 

Wt Fuel Evaporated 

341 

322 

333 

228 

228 

212 

186 

291 

331 

367 

510 

in Flight kg (lb) 

(752) 

(710) 

(735) 

(503) 

(502) 

(467) 

(410) 

(641) 

(730) 

(810) 

(1125) 

Wt Fuel Vented 

331 

322 

317 

265 

275 

241 

233 

227 

318 

342 

367 

on Ground kg (lb) 

(730) 

(710) 

(698) 

(585) 

(605) 

(532) 

(514) 

(500) 

(700) 

(755) 

(808) 


567 e 

594 

587 

624 

624 

631 

623 

700 

624 

651 

937 

(f e + m ji b 

(1250) 

(1310) 

(1295) 

(1375) 

(1375) 

(1390) 

(1373) 

(1543) 

(1375) 

(1435) 

(2065) 

Safety Ranking 0 

78 

81 

75 

74 

Producibilityd 












Ranking 


3.0 



2.5 


2.0 



10 


3 per tank (2 per aircraft) 











b sum of fuel evaporated in flight and insulation weight 








c 100 is highest ranking 











^ 3 is highest ranking 











[7] selected candidate 













8.3 Analysis of Selected Candidate 


The optimum insulation thicknesses for the aft and forward fuel tanks were 
derived from parametric thermal analysis studies of each tank configuration. 
Fuel loss weights and insulation system weights were computed as a function of 
insulation thickness and the saturation temperature of the liquid methane used 
to fill the tanks at the beginning of a flight. These weights are then trans- 
lated into DOC for final design optimization (Section 4). The analysis output 
also included circumferential temperature distributions along the tank wall, 
within the insulation, and along the vapor barrier and fuselage exterior 
surface; tank pressure; and vent rate during filling. A description of the 
insulation system configuration, the analysis method, and the results of the 
studies are presented in the following subsections. 

8.3.1 Configuration of candidate system. - Two tank geometries are used for 
the fuel tanks; the forward tank is a sphere 5.49 m (18 ft) in diameter with 
the wall thicknesses as shown by figure 103. A truncated right cone having 
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Figure 103. - General dimensions of forward methane tank. 


elliptical ends serves as the aft tank, as shown in figure 104. For the 
parametric studies, the spherical tank was considered to have a uniform wall 
thickness of 0.183 cm (0.072 in.) and the aft tank a wall thickness of 0.446 cm 
(0.175 in.). The cryogenic volume of each tank (with fuel in) was evenly 
divided at 85.8 m3 (3032 ft 3 ). Also, the internal bulkhead was not considered 
in the analysis, and each tank was treated as a single volume of the preceding 
value. This assumption does not significantly compromise the analysis, as a 
presumption is made that the internal wall would be adiabatic because fuel 
quantities would be equal in both compartments. 

Forward and aft tank insulations are shown conceptually by figures 105 
and 106, respectively. The 36.8 kg/m 3 (2.3 lb/ft 3 ) closed-cell polyurethane- 
type foam (Stepan foam BX250A) was selected for both tanks as a result of the 
screening studies. This foam is covered with a reinforced plastic film- 
aluminum foil composite (MAAMF) which serves as a vapor barrier to prevent 
crvodeposition of water vapor within the cell structure during the extended 
operational life of the aircraft. A second foam insulation is placed between 
the vapor barrier and Kevlar fuselage fairing in the area of the cylindrical 
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Figure 104. Aft tank configuration. 

SPHERICAL - NONINTEGRAL TANK 


VAPOR 

BARRIER 

(MAAMF) 



0.178 cm (0.070 IN.) TYP 


Figure 105. - Forward tank insulation. 
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CONICAL CYLINDER - INTEGRAL TANK 


KEVLAR-SYNTACTIC FOAM FAIRING 


VAPOR 
BARRIER 
(MAAMF) 
2 PLACES 


^3 




OPEN CELL FOAM 78 ^ 
(N 2 PURGED) (6.7 IN.) 


CLOSED CELL FOAM 
STEPAN FOAM 

BX 250A t- =* 4.45 vm (1.75 IN.) 



0.157 cm 
(0.062 IN.) 



0.305 cm (0.120) TYP 


Figure 106. - Aft tank insulation - cylindrical section. 


section of the aft tank. This is a low modulus open cell polyurethane type 
insulation which accommodates the expansion and contraction of the tank wall 
during temperature and pressure excursions and supports the fairing without 
distorting the aerodynamic surface. Being of open cell construction, it also 
permits the purging of this volume with GN 2 for inerting and prevention of 
cryodeposition of water vapor. The thickness of this secondary foam layer 
was held constant for the parametric analysis, as its thickness is dictated 
by dimensional changes rather than heat transfer properties. Its thermal 
resistance, however, is included in the system thermal model. 

8.3.2 Analysis method. - Thermal analysis of the selected candidate was con- 
ducted in a transient mode to accurately represent the design mission time- 
dependent variables of altitude, Mach number and fuel usage. An existing 
finite difference computer program with subroutines for stratification, 
filling, draining, pressurization, and boundary layer heat transfer was 
employed for this effort. In addition to the normal flight mode, a subroutine 
was included to simulate the effects of severe flight turbulence. This was 
done using the assumption of complete liquid and vapor phase mixing and uni- 
form liquid wetting of the entire tank wall, all occurring instantaneously, 
so that thermodynamic equilibrium is reached in the entire volume. Following 
this equilibration, the stratification process then resumes. 
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The computer program, THERM, Thermal Analyzer Program, operates for 
transient heat flow problems by using a forward finite-difference algorithm 
for solving an analogous R-C electrical network. It is structured to allow 
maximum flexibility in describing energy transport phenomena unique to a 
specific application. This specific program computes the parameters given in 
table 43. Computation is performed in 5-minute time steps of the design mis- 
sion schedule. The environment temperatures during flight are taken from 
Standard Atmosphere Tables. Also, the program models both integral and non- 
integral tanks. 

The nodal arrangement used for the fuel tanks is shown in figure 107. 

The liquid and vapor volumes are divided into 9 and 10 horizontal layers, 
respectively. The liquid/vapor interface is at the saturation temperature, T , 
corresponding to the tank pressure. Located opposite each liquid and vapor S 
node are a tank wall node, three insulation nodes, and two outer structure 
nodes for the aircraft fuselage or exterior fairing. The liquid volume con- 
sists of eight nodes of increasing thickness down from the surface in the 
temperature stratified layer of the upper liquid region. The ninth and bottom 
liquid node correspond to the uniform bulk liquid temperature, Tg» layer at 
the bottom of a stratified tank that experiences some degree of bottom heating. 
A form of transient stratification analytical model of reference 28 is used 
as a subroutine in this program. It was modified to account for the time- 
dependent changes in the liquid level corresponding to the simulated flight 
mission. 


TABLE 43. - ANALYSIS PROGRAM PARAMETERS 


Output: 

• Temperature destributions 

- Outer aircraft structure 

- Insulation 

- Tank wall 

- Liquid 

- Vapor 

- Vent gas 

• Vent rate/fuel required to maintain tank pressure in design range 

• Tank pressure 
Input variables: 

• Geometry and temperature dependent thermal properties of 

- Aircraft structure 

- Insulation 

- Tank 

- Liquid/vapor 

• Fuel load (liquid level) and state at full 

• Ambient temperature and pressure and Mach number 

• Fuel withdraw! and fill rates 

• Mission segment time step/duration 

• Quiescent or turbulent, flight at any time into mission 
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The vapor volume consists of 10 horizontal layers in which conduction, 
convection, mass flow, and radiation effects between the nodes and their sur- 
roundings are modeled. The mass, volume, temperature, and pressure of the 
vapor are computed from a liquid/ullage coupling subroutine that considers the 
thermo dynamics of the two modes of tank pressurization and venting. One mode 
is represented by a closed tank, self-pressurization model; while the second 
mode is represented by a constant pressure, continuous tank venting model. 

This program has the ability to switch between the two tank pressurization and 
venting modes depending upon the tank heat input, liquid level, liquid with- 
drawal rates, etc. In this program, a severe flight disturbance that would 
completely mix the stratified liquid, the vapor, and wet the tank walls can 
also be simulated. Following this instantaneous event, the liquid restratifies 
and the tank self-pressurizes and/or vents. 

8.3.3 Analysis results. - Fuel losses associated .with filling, flight, and 
ground-hold portions of the aircraft mission were computed for both forward and 
aft tanks as a function of insulation thickness. These fuel loss parameters 
are summarized as total fuel vented on the ground, during filling and ground- 
hold segments, which is recoverable for reliquefaction and nonrecoverable fuel 
evaporated and vented during flight. Fuel vented for the latter includes taxi 
and ground time periods between end of filling and start of taxi. 

Degree of subcooling of the fuel introduced into the aircraft tanks 
during fill operations was included as a variable in the thermal performance 
analysis. The sensible heat term associated with the subcooled liquid reduces 
the quantity of vapor vented from a tank having a vent valve setting greater 
than sea level pressure. For isothermal conditions in the liquid, well-mixed, 
a pressurization system must be included to ensure a positive internal-to— 
external pressure gradient to avoid the potential for buckling of the light- 
weight tank or entrance of air into the fuel volume. This leakage problem 
would also apply to fueling and transfer lines. As discussed in Section 9, 
inert gas pressurization is difficult because of solubility problems. A 
bladder or membrane complicates construction, and long-life performance is 
questionable. By minimizing mixing of the incoming subcooled liquid with the 
warm liquid remaining in the tank from the previous flight a highly stratified 
layer can be maintained and ullage pressure is controlled by this liquid sur- 
face layer. Mixing of this stratified liquid, such as from encountering 
severe turbulence during flight, would rapidly decrease ullage pressure which 
could lead to a negative pressure differential across the tank wall unless a 
rapid response emergency pressurant system is provided. Because of these 
considerations, the parametric analysis was conducted with modest subcooling 
from the baseline fill conditions corresponding to a saturation pressure of 
148 kPa (21 psia) . This lower limit was a temperature corresponding to 
103 kPa (15 psia) . One case of filling with liquid corresponding to 69 kPa 
(10 psia) was examined, and the results, as discussed in Section 8. 3. 3. 3, 
show the potential for catastrophic failure. 
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8. 3. 3.1 Aft tank. - Fuel loss parameters as a function of primary insulation 
thickness are shown graphically in figures 108 through 110 for tank fill con- 
ditions corresponding to liquid saturated at 145, 124 and 103 kPa (21, 18, 
and 15 psia) , respectively. Table 44 presents the fuel losses and insulation 
weights for representative values of primary insulation thickness. Insulation 
weights do not include the weights of the open cell foam and Kevlar fairing in 
the cylindrical region. Insulation thickness on the elliptical ends of the 
tank is 1.14 cm (0.45 in.) greater than that shown in the figures and table. 
This increased thickness corresponds to the thermal resistance of the open 
cell foam and results in a uniform heat flux over the tank wall. 

The results of this study yield a slightly thinner optimum insulation 
thickness than that based upon the initial screening analysis for a 21 psia 
fill condition. The latter analysis gave a primary insulation (closed cell 
foam) thickness of 5.08 cm (2.0 in.) in the cylindrical section of the aft 
tank and 6.35 cm (2.5 in.) for the ends. The more exact analysis predicts 
optimum thicknesses of 4.45 and 5.59 cm (1.75 and 2.20 in.), respectively. The 
values of mass vented during ground operations, MVG (out-of-service hold and 
fueling periods) is essentially in agreement with the values predicted during 
the screening process. Mass evaporated and vented during flight (MEF and MVF 
respectively) are less than initially predicted due to the changing tank pres- 
sure and liquid stratification during flight (takeoff to landing). The nearly 
constant values of MVF at ti p <8.13 cm <(3.2 in.) is the result of venting 
during a 15-minute ground-hold period after fill and a 10-minute taxi period 
where the tank pressure is at the vent valve pressure setting due to liquid- 
vapor heating during filling. 

Filling of the tank with saturated liquid at lower temperatures (corre- 
sponding to 124 and 103 kPa (18 and 15 psia) reduces the fuel losses as shown 
by the comparison in table 44. The most significant advantage of the lower 
temperature liquid is the large reduction in the amount of fuel evaporated and 
vented in flight. For 124 and 103 kPa (18 and 15 psia) conditions at t^ p 

= 4.45 cm (1.75 in.) in the venting occurs primarily during taxi. As the rate 

is small, this fuel might be burned in the engines, and no venting to the atmo- 

sphere would be required. Also, for the case of 103 kPa (15 psia) liquid fill 
venting on the ground after the flight does not occur for 2.5 hours. This 
could, simplify ground-handling operations for both normal and emergency landing 
conditions. 

The sum of mass evaporated in flight and insulation weights (not including 
open cell foam and fairing) is shown in figure 111. Insulation thickness is 
an optimum at 4.45 cm (1.75 in.) for 145 kPa (21 psia) conditions. For 124 
and 103 kPa (18 and 15 psia) fill conditions, less than 2.54 cm (1 in.) appears 
to be an optimum on the basis of weight considerations. As discussed in Sec- 
tion 8. 3. 3. 4, a value of t^ p = 2.54 cm (1.0 in.) is satisfactory from exterior 
temperature considerations. 
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MASS FUEL kg 



MASS FUEL | kg 


AFT TANK 
> 124 kPa (18.0 p*ia) 



t ip cm 


Figure 109. - 


Mass of fuel vented on ground and in-flight and mass evaporated 
in-flight as a function of insulation thickness for 
124 kPa (118 psia) saturated liquid fill. 





Figure 110. - Mass of fuel evaporated and vented as a function of primary 
insulation thickness for 103 kPa (15 psia) saturated liquid 
fill, aft tank. 


8. 3. 3. 2 Forward tank. - Figures 112 through 114 present the results of the 
analysis of the spherical tank for three fill conditions of 145, 124 and 
103 kPa (21, 18, and 15 psia), respectively. Weight summaries for representa- 
tive thicknesses are .given in table 45. Insulation thicknesses of 3.81 cm 
(1.50 in.) and 2.54 cm (1.0 in.) were selected for the aft and forward tanks, 
respectively. Even with this reduced insulation thickness the spherical tank 
fuel losses are less than for the aft tank. This is the result of the more 
favorable wetted area-to-volume ratio for the sphere, particularly at the 
lower liquid fractions corresponding to the second half of the cruise segment 
and during the ground period after flight. The influence of lower liquid ■ 
temperatures for tank filling is similar to that observed for the aft tank. 

Again, using the optimization criteria of sum of mass evaporated in 
flight and insulation weights, the suggested insulation thickness for 21 psia 
fill conditions is 5.08 cm (2.0 in.). Figure 115 illustrates the weight 
summation parameter as a function of insulation thickness for the three fill 
conditions. From a mass loss consideration only, the use of lower temperature 


200 



TABLE 44. - SUMMARY OF FUEL AND INSULATION WEIGHTS AS A FUNCTION OF INSULATION 
THICKNESS AND FUEL SATURATION PRESSURE AT FILL 


Saturation Pressure of Fuei at 









kPa Fill (psia) 


145 (21) 



124(18) 


103(15) 

Insulation Thickness cm (in) 

2.54 (1) 

5.08 (2) 

7.62 (3) 




2.54 (1) 

5.08 (2) 7.62 (3) 

Fuel Vented during Ground 

337 

252 

197 

334 

244 

174 

333 

225 154 

Hold, kg (lb:) 

(742.2) 

(556.6) 

(433.7) 

(735.7) 

(537.9) 

(383.7) 

(734.7) 

(495.2) (338.9) 

Fuel Vented during Fill, kg (lbs) 

188 

184 

177 

182 

176 

173 

184 

177 173 


(415.5) 

(404.6) 

(391.0) 

(404.1). 

(388.4) 

381.1) 

(404.8) 

(389.6) (381.9) 

Total Recoverable Fuel Vented 

525 

436 

374 

517 

420 

347 

517 

401 327 

on Ground, kg (lbs) 

(1157.7) 

(961.1) 

(824.7) 

(1139.8) 

(926.3) 

(764.8) 

(1139.5). 

(884.8) (720.8) 

Fuel Vented during Flight, 

200 

85.7 

15.5 

41.5 

8.16 

6.89 

10.6 

7.8 6.7 

kg (lbs) 

(441.2) 

(189.0) 

(34.2) 

(91.4) 

(18.0) 

(15.2) 

(23.3) 

(17.2) (14.8) 

Fuel Evaporated during Flight, 

371 

252 

196 

206 

164 

160 

167 

157 152 

kg (lbs) 

(817.0 

(556.6) 

(432.0) 

(454.1) 

(362.0) 

(351.9) 

(368.0) 

(345.6) (335.2) 

Insulation Weight*, kg (lbs) 

119 

215 

311 

119 

214 

310 

119 

214 310 


(262.5) 

(473.8) 

(684.8) 

(261.7) 

(472.8) 

(684.1) 

(261.4) 

(472.7) (684.0) 

T Weight of Insulation and Fuel 

490 

467 

507 

325 

383 

470 

285 

371 462 

Evaporated during Flight, 

(1079.5) 

(1030.4) 

(1116.8) 

(715.8) 

(834.8) 

(1036.0) 

(629.4) 

(818.3) 0019.0) 

kg (lbs) 









*0pen cell foam plus KEVLAR fairing weights not included. 

liquid yields an insulation thickness 

less 

than 2 

• 54 cm 

(1.0 

in.) . 

As for the 


aft tank, this thickness yields acceptable exterior temperatures. 

8. 3. 3. 3 Tank pressure control .- A minimum design tank pressure during ground 
and flight was input into the computer program for system thermodynamic 
analysis. A minimum design pressure of 110 kPa (16 psia) was selected for 
these studies. If at any time during the mission tank pressure falls to this 
value, a subroutine is called in the program to compute the additional amount 
of fuel which must be vaporized to maintain the design pressure level. This 
additional vaporized fuel quantity is added to that resulting from heat trans- 
fer to the liquid. For the insulation thicknesses investigated for fill 
liquid temperatures down to 103 kPa (15 psia) saturation conditions, no addi- 
tional fuel vaporization was required. 

For the 145 kPa (21 psia) fill cases the tank pressure varied from 145 to 
142 kPa (21.0 to 20.5 psia) from takeoff to landing for 7.62 cm (3 in.) pri- 
mary insulation thickness. For 6.35 cm (2.5 in.) of insulation, the pressure 
range was nearly equivalent as shown by figure 116. For 2.54 cm (1 in.) and 
5.08 cm (2 in.) of insulation, tank pressure remained above 138 kPa (20 psia) 
for all times. For lower saturation pressure fill conditions, tank pressure 
during flight is reduced over that of the 145 kPa (21 psia) case, as illustra- 
ted by Figures 116 through 121. Liquid temperatures at the surface and bottom 
of the tank and the mean liquid temperature are shown as a function of - 
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Figure 112. - Mass of fuel evaporated and vented as a function 
of insulation thickness for 145 kPa (21 psia) 
saturated liquid fill, forward tank. 



Figure 113. - Mass of fuel evaporated and vented as a function 
of insulation thickness for 124 kPa (18 psia) 
saturated liquid fill, forward tank. 
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Figure 114. - Mass of fuel evaporated and vented as a function 
of insulation thickness for 103 kPa (15 psia) 
saturated liquid fill, forward tank. 


insulation thickness, fill conditions, and flight time. The ullage pressure 
corresponds to liquid surface temperature saturation pressure. It should be 
noted that the computer program introduces the fill liquid into the bottom of 
the tank and assumes no forced mixing, i.e., single phase-saturated liquid 
for fill. Thus, the liquid temperature distributions are not the result of 
wall heat flux induced stratification, but rather the full model. Separate 
calculations indicated that stratification of liquid methane would be very 
small at the wall heat rates considered in this study. 

Considering the quiescent fill conditions, tank pressure is described by 
the upper curve of each figure. If mixing occurs, the intermediate or mean 
liquid temperature curve defines pressure, as this is the temperature which 
the fully mixed liquid would experience. For the cases investigated at 124 
and 103 kPa (18 and 15 psia) fill conditions, tank pressure for stratified 
or fully mixed liquid did not fall below the 110 kPa (16 psia) design value. 

A similar study was conducted for the forward tank at an insulation 
thickness of 6.35 cm (2.5 in.) Because of the geometry modeling methodology 
used for the spherical tank, these data are less accurate than those for the 
aft tank. They do however, serve to illustrate the pressure trends with fill 
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Figure 115. - Sum of insulation and fuel evaporated during 
flight weights as functions of insulation 
thickness and fill condition • 


condition variation. Figures 122 through 124 show liquid temperatures and 
correspondingly, pressure for fill conditions of 145, 124 and 69 kPa (21, 18, 
and 10 psia) . The fill pressure pressure range was lowered to 69 kPa 
(10 psia) to find a lower practical value. For 145 kPa (21 psia) for 
the majority of the flight. The pressure reduction is enhanced in the latter 
flight period because of the more favorable wetted area-to-volume ratio for 
the sphere. 

A similar increase in pressure reduction over that in the aft tank is 
seen for 124 kPa (18 psia) fill conditions. For 69 kPa (10 psia) fill condi- 
tions, tank pressure at landing is slightly less than the 110 kPa (16 psia) 
design value. Of more significance, however, is the potential of a dangerously 
low pressure if complete mixing occurred during takeoff and climb. Mixing 
could reduce tank pressure to 75.8 kPa (11 psia) which would be less than 
atmospheric pressure. Although the high degree of subcooling would eliminate 
in-flight venting and venting on the ground for up to 8 to 10 hours, the 
potential of catastrophic tank failure eliminated the use of fill liquid 
saturated at less than 103 kPa (15 psia) from further study. 
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(1.0 INS. 21 VENT. 18 FILL) 
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Figure 116. - 


Aft tank pressure and liquid temperature histories, 
124 kPa (18 psia) fill, t ± » 2.54 cm (1.0 inch). 
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5.08 CM, 145 VENT, 124 FILL 
(2.0 INS. 21 VENT. 18 FILL) 
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Figure 117. - Aft tank pressure and liquid temperature histories, 
124 kPa (18 psia) fill, t. = 5.08 cm (2.0 inch). 
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7.62 CM, 145 VENT. 124 FILL 
(3.0 INS, 21 VENT. 18 FILL) 


— LIQUID SURFACE TEMP 
•—LIQUID OUTLET TEMP 
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TIME (MINUTES) 


gure 118. - Aft tank pressure and liquid temperature histories, 
124 kPa (18 psia) fill, t ± = 7.62 cm (3.0 inch). 
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Figure 119. - 


Aft tank pressure and liquid temperature histories, 
103 kPa (15 psia), t. = 2.54 cm (1.0 inch). 
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Figure 120. - Aft tank pressure and liquid temperature histories, 

103 kPa (15 psia) fill, t ± = 5.08 cm (2.0 inch). 


As regards the effect cf severe in-flight turbulence on tank pressure, 
two cases were studied. One was for turbulence during climb (15 minutes into 
flight) and one on landing. These represent the extremes of vapor volumes 
and tank wall temperatures. For climb, the vapor volume is small, and the 
mean vapor temperature is low. The vapor space average tank wall temperature 
is also low. At landing, vapor volume is large and mean vapor temperature 
is higher with a corresponding higher tank wall temperature. For 103 kPa 
(15 psia) fill conditions and t^p = 5.08 cm (2.0 in.), tank pressure did not 
fall below 110 kPa (16 psia) for either case. At landing, a pressure rise 
was observed due to turbulence. 

8. 3. 3.4 Fuel containment system temperatures .- Aft tank wall temperature 
distributions as a function of circumferential location, w/£ , for liquid 
fractions of 0.50 and 0.15 are given in table 46 for two fill conditions, 

145 and 103 kPa (21 and 15 psia). At the top of the tank x/f = 0. The 
gradient decreases with increasing insulation thickness, and the maximum 
gradient occurs at the liquid-vapor interface (x/£ =0.5 for 50 percent 
liquid fraction and x/ £ = 0.699 for 15 percent liquid draction) . The tem- 
perature of the fill liquid has little influence on the gradient, as shown 
by comparing the 145 and 103 kPa (21 and 15 psia) results. 
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TABLE 45. - FORWARD TANK - SUMMARY OF FUEL AND INSULATION WEIGHTS AS A 
FUNCTION OF INSULATION THICKNESS AND FUEL SATURATION 
PRESSURE AT FILL 



Saturation Pressure of Fuel 
at Fill kPa (psia) 


Insulation Thickness cm (in) 



145 (21) 


6.35 


124(18) 


103 (15) 



Fuel Vented during Ground 
Hold, kg (lb) 

230 

(506.9) 

170 

(380.1) 

134 

(296.0) 

228 

(502.4) 

167 

(367.4) 

119 

(262.0) 

227 

(500.8) 

153 

(338.2) 

105 

(231.5) 

Fuel Vented during Fill, 
kg (lb) 

138 

(303.3) 

134 

(295.4) 

129 

(285.4) 

132 

(291.0) 

128 

(281.5) 

126 

(277.2) 

128 

(282.0) 

124 

(273.2) 

122 

(268.8) 

Total Recoverable Fuel Vented 
on Ground, kg (lb) 

368 

(810.2) 

306 

(675.5) 

264 

(581.4) 

360 

(793.4) 

294 

(648.9) 

245 

(539.2) 

355 

(782.8) 

277 

(611.4) 

227 

(500.3) 

Fuel Vented during Flight, 
kg (lb 

168 

(369.3) 

63.5 

(140.0) 

3.6 

(7.9) 

23 

(51.0) 

6.4 

(14.1) 

5.8 

(12.7) 

8.8 

(19.3) 

5.9 

(13.1) 

4.6 

(10.2) 

Fuel Evaporated during 
Flight, kg (lb) 

338 

(745.1) 

230 

(507.6) 

179 

(394.0) 

188 

(414.1) 

150 

(330.1) 

145 

(320.3) 

152 

(334.9) 

143 

(314.5) 

138 

(304.3) 

Insulation Weight*, kg (lb) 

163 

(359.7) 

259 

(571.9) 

357 

(787.9) 

163 

(359.7) 

259 

(571.9) 

357 

(787.9) 

163 

(359.7) 

294 

(571.9) 

357 

(787.9) 

Weight of Insulation and 
Fuel Evaporated during 
Flight, kg (lb) 

501 

(1104.8) 

490 

(1079.5) 

536 

(1181.9) 

164 

(773.8) 

414 

(912.0) 

503 

(1108.2) 

315 

(694.6) 

402 

(886.4) 

495 

(1092.2) 

*36.8 kg/m 3 (2.3 lb/ft 3 ) STEPAN foam plus MAAMF vapor barrier. 


7.62 CM. 145 VENT, 103 FILL 
<3.0 INS. 21 VENT. 15 FILL! 


.LIQUIO SURFACE TEMP 
•LIQUID OUTLET TEMP 


TIME (MINUTES! 

Figure 121. - Aft tank pressure and liquid temperature histories, 
103 kPa (15 psia) fill, t. = 7.62 cm (3.0 inch). 
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Forward tank pressure and liquid temperature histories 
145 kPa (21 psia) fill, t ± = 6.35 cm (2.5 inch). 
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Figure 123. - Forward tank pressure and liquid temperature histories, 
124 kPa (18 psia) fill, t, = 6.35 cm (2.5 inch).. 



TABLE 46. - AFT TANK WALL TEMPERATURE DISTRIBUTION °K (°R) 


(a) Liquid Fraction - 0.50 (Tank Half Empty) 


Fill Conditions, 

P$at kPa 


145 (21) 

- ' 

103(15) 

Tjp cm (inches) 

2.54(1) 

5.08 (2) 

7.62 (3) 

2.54(1) 

5.08(2) 

7.62 (3) 

xlJ = 0.101 

197 (354) 

184 (331) 

176 (316) 

198 (356) 

184(332) 

176 (317) 

0.177 

192 (346) 

179 (323) 

171 (308) 

193 (348) 

180 (324) 

172 (309) 

0.230 

188 (338) 

175 (315) 

167 (300) 

188 (339) 

175(315) 

167 (300) 

0.275 

183 (329) 

170 (306) 

162 (292) 

183 (330) 

170 (306) 

162 (292) 

0.315 

177 (318) 

164 (296) 

157 (283) 

177 (319) 

164 (296) 

157 (282) 

0.351 

169 (305) 

158 (285) 

152 (273) 

170 (306) 

158 (284) 

152 (272) 

0.386 

162 (291) 

151 (272) 

145 (261) 

162 (291) 

151 (272) 

144 (260) 

0.419 

152 (273) 

143 (258) 

138 (249) 

152 (273) 

143 (257) 

138 (248) 

0.452 

140 (252) 

134 (241) 

131 (235) 

140 (252) 

133 (240) 

129 (233) 

0.484 

126 (226) 

123 (221) 

122 (219) 

125 (225) 

122(220) 

121 (217) 


117(210) 

116(209) 

116 (209) 

116 (208) 

115(207) 

115 (207) 

1 

117(210) 

116(209) 

116 (209) 

114(205) 

113(204) 

113 (204) 


(b) Liquid Fraction = 0.15 (Tank at Reserve Level) 


0.128 

209 (376) 

194 (349) 

184(331) 

209 (377) 

194 (350) 

184 (331) 

0.224 

206 (371) 

191 (343) 

181 (325) 

207 (372) 

191 (344) 

181 (325) 

0.294 

203 (366) 

187 (337) 

177 (319) 

203 (366) 

188 (338) 

177 (319) 

0.353 

199 (359) 

183. (330) 

173 (312) 

199 (359) 

183 (330) 

173 (311) 


195 (351) 

179 (322) 

169 (304) 

195 (351) 

179 (322) 

168 (303) 

0.452 

189 (340) 

173 (312) 

163 (294) 

189 (340) 

173(311) 

163 (293) 

0.510 

182 (327) 

167 (300) 

157 (283) 

182 (327) 

161 (290) 

157 (282) 

0.561 

172 (310) 

158 (284) 

150 (270) 

172 (309) 

157 (283) 

149 (268) 

0.613 

159 (286) 

147 (264) 

141 (253) 

158 (285) 

146 (263) 

139 (251) 

0.669 

137 (147) 

131 (235) 

127 (229) 

137 (247) 

130 (234) 

126 (227) 

0.699 

117(210) 

117(210) 

116 (209) 

117(210) 

116(208) 

115 (207) 


117(210) 

117(210) 

116 (209) 

117(210) 

116(208) 

114 (206) 
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Figure 124. - Forward tank pressure and liquid temperature histories, 

69.0 kPa (10 psia) fill, t^ - 6.35 cm (2.5 inch). 

Circumferential temperature distributions along the vapor barrier and 
fuselage external surface as a function of insulation thickness are shown 
by table 47 for the two fill conditions. Again, the fill condition has a 
negligible effect on temperature. Also, for the small insulation thicknesses, 
2.54 cm (1 in.), the exterior temperatures are identical with those for the 
thicker insulation, 2.62 cm (3 in.). As external temperature levels and the 
local gradients are not influenced by the fill conditions, the 2.54 cm (1 in.) 
insulation thickness is in the optimum region if tank filling can be done with 
124 or 103 kPa (18 or 15 psia) saturated liquid. 

The values for the forward spherical tank wall temperature distribution 
are given in table 48. As before, the model used is simply a section of the 
tank on a diameter. The points x/2 to which the numbers are referred are 
positions around the tank expressed in terms of m radians. Values are given 
for the landing condition which will be used as the design point. The 
temperature differences between that and the 50 percent full condition are 
small. 
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TABLE 48. - FORWARD TANK WALL TEMPERATURE DISTRIBUTION FOR 
15 PERCENT LIQUID LEVEL t ip = 5.08 cm (Z.O inch 1 



8. 3. 3. 5 Engine feed and fueling/vent lines. - Stepan Foam 3X250A was also 
selected for both engine feed lines and tank fueling and vent lines. This 
choice is based upon lower line weights and greater aircraft dispatch reli- 
ability over vacuum jacketed, multilayer insulated lines. Considering the 
3.18 cm (1-1/4 in.) ID engine feed line, a vacuum jacketed line would weight 
1.06 kg/m (0.712 lb/ft) of line length; the foam insulated line weights 
0.659 kg/m (0.443 lb/ft). These weights do not include the weight of the fuel 
containing conduit itself. The two line concepts are shown diagrammatically 
in figure 125. The vacuum jacket thickness is based upon the minimum size 
recommended in reference 4. 

A stainless steel vacuum jacket was selected to be consistent with 
commercial practices for cryogenic lines because of the nonactive pumping 
system concept. A metal jacket for the foam insulated line was selected 
to provide an impervious vapor barrier which would have a high degree of 
resistance to accidental puncture during servicing and would transfer line 
support point loads more uniformly to the foam. 

Both concepts were considered to be made up of 6.096 m (20-ft) lengths 
of line with couplings for removal at each end. The couplings for the vacuum 
jacketed line was estimated to weigh 0.907 kg (2 lb) per section, whereas, 
the foam insulated line couplings are 0.454 kg (1 lb) per section. The higher 
vacuum jacketed line coupling weight is necessitated by the requirements of a 
re-entrant type of construction and long-life vacuum integrity for a non- 
actively pumped system. 
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VACUUM JACKET; 

0.16 cm (0.025 in.) 

STAINLESS STEEL 
5.72 cm (2 1/4 in.) 

DIA 

MU; 20 LAYERS 
CRINKLED -SINGLE 
ALUMINIZED MYLAR 

FEED LINE, 3.18 cm (1 1/4 in.) DIA 



JACKET; 0.041 cm (0.016 in.) 
6061 ALUMINUM. 10.8 cm 
(4 1/4 in.) DIA 


STEPAN FOAM BX250A 


FEED LINE, 3.18 cm (1 1/4 in.) DIA 


VACUUM JACKETED 
FEED LINE 


LINE WEIGHTS kg/m (Ib/ft) 

VACUUM JACKET FOAM INSULATED 

0.0257 (0.186) 

0.0286 (0.207) 

0.0069 (0.050) 

0.0612 (0.443) 

Figure 125. - Comparison of feed line weights (inner line 
weight not included) . 

Loss of vacuum in a single section of line would not present a direct 
safety hazard. It would, however, require replacement during aircraft turn- 
around which would necessitate taking the aircraft out of service for inerting 
of the line and replacement. The foam insulated line may experience long- 
term degradation due to thermal cycling. The outer aluminum jacket will, 
however, prevent water and ice buildup within the insulation. This type of 
long-term degradation would be handled by scheduled servicing operations and 
would increase dispatch reliability. 

The weight of the 10.16 Cm (4 in.) fueling line is also greater for the 
vacuum jacketed-multilayer insulated line than for the foam concept. Weight 
estimates for these two concepts, excluding couplings, are 2.03 kg/m 
(1.364 lb/ft) and 1.31 kg/m (0.878 lb/ft), respectively. This weight dif- 
ference is again due to the stainless steel vacuum jacket requirement. An 
aluminum jacket and coupling were considered and rejected because of vacuum 
integrity considerations. Problems associated with failures of welded alumi- 
num joints (cracking) under long-term thermal and mechanical cycling resulted 
in the rejection of this concept. 


JACKET 0.082 (0.594) 

INSULATION 0.002 (0.018) 

COUPLINGS 0,014 (0,100) 

0.098 (0.712) 


FOAM INSULATED 
FEED LINE 
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The foam insulated lines will be subject to condensation during periods 
of operation at low ambient temperatures aiid high relative humidities; i.e., 
temperatures on the ground within the 278 to 289°K (500° to 520 R) range. 
Condensation will occur for relatively short period of time on the ground or 
at low altitudes. Water vapor will form as liquid rather than a solid because 
of the small temperature difference between ambient and the line exterior sur- 
face, considering the energy given up during condensation and the thermal 
resistance of the insulation. Condensation could be disposed of by suitable 
drains in the aircraft interior or eliminated by providing a dry air purge of 
the area adjacent to the lines during ground operations when the lines are 
chilled. 

Foam insulation thicknesses were computed for the fueling and feed lines 
by equating the heat transfer to the liquid with a maximum permitted tempera- 
ture rise for the length of line at the critical flow rate. For the feed 
system, this mass flow rate was the ground taxi rate (minimum fuel flow) . 

For fill lines, it was the average mass flow rate in each section. Computa- 
tions were performed in an iterative manner using: 


AT 


q*2 


me 

P 


where AT is the liquid temperature rise in the total line length/(2), q* 
is the liquid wall heat flux per unit length of line, m is the liquid mass 
flow rate, and C^ is the tnean specific heat of the liquid. 

Wall heat flux, q*, is computed from: 

T -T 

. ambient liquid 

q* = — 3 



where R = R + R. + R , and R is the total resistance between ambient and 
the exterior°surface o? the line (radiation and convection), R. is the 
resistance of the insulation and R e is the resistance at liquid-wall inter- 
face. For R , the ambient and enclosure temperatures were considered to be 
equal for radiation and conduction computations, and the emittance of the 
enclosure was taken to be 0.8 and the line 0.1. As the resistances are functions 
of temperature and diameters, it was necessary to use an iterative procedure 
for convergence of the solution. 
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Insulation for the engine feed line was sized using a 63.5 m (208.33 ft) 
length of 3.18 cm (1-1/4 in.) line with the pressure at the engine feed pump 
end of the line at 276 kPa (40 psia) . The liquid thermodynamic state from the 
boost pump corresponds to a saturated liquid at 145 kPa (21 psia) . In order 
to keep the fuel at a saturation temperature below that of liquid at 276 kPa 
(40 psia) a (6°R) temperature rise was permitted at a minimum flow rate of 

0. 057 kg/sec (0.126 lb/sec) while taxiing. The 3.3°K (6°R) rise provides a 
factor of safety of 2 to account for possible line insulation degradation or 
a lower mass flow rate. 

Calculations of wall heat flux per unit line length as a function of 
insulation thickness for several ambient conditions were made, and the results 
are shown in figure 126a. Temperature differences between ambient and exter- 
ior line surface as a function of ambient temperatures are shown in fig- 
ure 126b. These values are for a line surface emittance of 0.1. Increasing 
the emittance to 0.8 decreases the AT value by approximately 40 percent; 

1. e., at 3.18 cm (1-1/2 in.) insulation thickness for T am {, = 289 K (500°R) , 

AT« - o.8 = 7.2°K (13°R) compared to 11.7°K (21°R) for € = 0.1. Increasing the 
surface emittance will raise the line surface temperature, but this will not 
eliminate surface condensation for all ambient conditions. 

The fuel line insulation thickness was selected for a 289°K (500°R) 
ambient, with the fuel conditions from the preceding. This results in a 
3.81 cm (1.5 in.) thickness. At cruise, ambient adiabatic wall temperature 
at the aft tank of 250°K (450°R) , the heat rate is reduced nearly 50 percent 
from the design point providing an additional margin of safety for flight- 
idle conditions. Cooling of the fuel line is calculated to occur within 
20 sec with boiling liquid in the line, and approximately 8.16 kg (18 lb) of 
liquid will be evaporated during this cooling period. 

A similar sizing approach was used for the fill line which was divided 
into 50.3 m (165 ft) of 10.16 cm (4 in.) diameter line plus 5.34 m(17.5 ft) 
of 5.08 cm (2 in.) diameter line. Mass flow rate was reduced at each length 
segment corresponding to a tank compartment fill point. The insulation was 
sized to provide a maximum temperature rise of 0.027°K (0.05°R) for the liquid 
entering the forward compartment of the front tank. This rise was selected to 
minimize fuel heating during delivery to maximize heat storage capacity of the 
fuel if the tanks are filled with liquid saturated at a pressure less than 
tank venting pressure 145 kPa (21 psia) . The results of the wall heat flux 
and ambient-to-wall temperature difference are shown in Figure 126 and 127 re- 
spectively. These results, combined with the fuel-heating criteria, give an 
insulation thickness of 4.45 cm (1—3/4 in.) for the 10.16 cm (4 in.) diameter 
segment and 2.23 cm (7/8 in.) for the 5.08 cm (2 in.) diameter portion of 
the line. The previous comments concerning line cover emittance also apply 
to this line. 
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9. AIRPORT FACILITY REQUIREMENTS 


The objective of this task was to determine the requirements and design 
of the ground facilities, including liquefaction, storage, processing, and 
distribution system, such that the cost of liquid methane (LCH, ) as an air- 
craft fuel can be assessed. Further, the relative safety of the LCH. ground 
system was also evaluated. * 

Evaluation of the ground system for LCH 4 as fuel for subsonic aircraft 
included the following discrete task analyses: 

Task 1. Develop the conceptual configuration of the ground systems 

Task- 1.1 Select a preferred liquefaction cycle and establish 
requirements 

Task 1.2 Determine the requirements for LCH 4 storage 

Task 1.3 Determine the LCH 4 distribution and aircraft refueling 
system requirements 

Task 1.4 Determine LCH 4 processing requirements 

Task 2. Assess ground system operating procedure 

Task 3. Evaluate the relative safety of the LCH 4 ground system 

Task 4. Evaluate the energy consumption of the ground system 

Task 5. Estimate the capital and operating costs of the ground system. 

The Lockheed-Califomia Company previously analyzed the conceptual re- 
quirements of liquid hydrogen (LH 2 ) as a fuel for subsonic aircraft for NASA 
(reference 5). To the extent possible, the conceptual LH 2 ground system was 
modified rather than redesigned for LCH 4 service. The Lockheed study assessed 
the costs using fuel produced from coal. The present study utilized two feed- 
stocks to produce the LCH 4 : substitute natural gas (SNG) from a coal conver- 

sion facility and natural gas. 

The ground system that was considered in this study had as its input a 
supply of pipeline natural gas or SNG at the San Francisco International Air 
Terminal (SFO) boundary. The output of the system is LCH 4 , delivered into 
the aircraft fuel tanks. Consequently, the components of the ground system 
include the following: 

• Liquefaction Facility - The liquefaction facility includes the 
equipment necessary to receive the feed gas (either natural gas 
or SNG) and to produce LCH 4 with only traces of other components. 
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facility and aircraft LCH^ demand. 

. Processing Facllltz - The processing T- 

t::\t herein perform, indicted 

such subcooling to be worthwhile. 

. Distribution Facility - The distribution futility includes the piping, 
pump systems, and T yrants required to deliver the LCH,, from 
processing or storage to the aircraft fuel tanks. 


The initial inputs and output^ofgthe^ground ^^ e ^ e a ^craf t^n^he 
table 49. The quantities of u cnt-irv of LCH/ required were based 

y on a a r^liS^f f ^ilristi- 

Airport - Uirements^tudyu^reierence 5)^ -uvision^these^rtial est 

the e methane a aircraft design. The LCH A -fueled aircraft is 

than the LH r fueled aircraft for 1 “"i3 P p«cen( more'specific energy (BTUs 
LCH, aircraft was determined to require 13 P* rce “^* J he dctai i e d analvsis 

deLrSed^rSeciioilL^rexpLinl lhat thts difference in specific energy 
results in less than 1 percent change in required daily plant capacity. 

The primary results of this study are as follows: 

. The most appropriate liquefaction cycle, based on relative costs 
(capital and operating) and sir other factors, such as operating 
flexibility, for the application is the propane-precooled multi 
component rCfrigerant cycle similar to that which is commercially 
employed in several liquefied natural gas facilities. If the teed 
gas for the cycle is natural gas, a demethanizer would be required 
to produce LCH 4 rather than LNG. If the feed gas is SNG no ext 
sive modifications to the cycle are expected because of th f 
boiling points to the feed gas components relative to the boiling 

point of methane. 

• A sincle liquefaction module (train) sized at 2.41 x 10 6 xs?l&ay 

million SCF/day) of LCH, production capacity with appropriate 
S5/s orage ^clUrics „as 4 determined to be approximately 8 million 
(1976 dollars) less expensive than a dual liquefaction ~<ul^con- 
cept. Both concepts, when storage capacity and number of trai 
are accounted for, offer the same degree of overall system r 
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TABLE 49. - INPUTS AND OUTPUTS OF THE GROUND SYSTEM 


Input 

Output Requirements 

Substitute Natural Gas 


Liquid Methane (LCH 4 ) 

Composition, mol % 


Composition, mol % 

Methane 

94.7 

Methane ~ 99 

Carbon Monoxide 

0.1 

All other trace 

Carbon Dioxide 

0.1 

Higher Heating Value = (23 900 Btu/lb) 

Hydrogen 

4.4 

Lower Heating Value = (21 500 Btu/lb) 

Nitrogen 

0.7 


or 



Natural Gas 


Quantity Required Based on LHVs 

Composition, mol % 


Original Estimate Revised* 

Methane 

90 

Total (1012 X 10 6 Ib/yr) (1 144 X 10 6 Ib/yr) 

Ethane 

8 

Peak Month (114.0 X 10 6 lb) (129.3 X 10 6 lb) 

Propane 

2 

11-month 

Average (81.6 X 10 6 Ib/mo) (92.2 X 10 6 Ib/mo) 

Quantity Available: 

Unlimited 

Outlet Pressure: Unspecified 

Inlet Pressure: 

(500 psig) 

Outlet Temperature: > (-259°) 

Inlet Temperature: 

(65°F) 

51 600 Btu/lb 

* (LH 2 Req'd) X — X 1.13 



21 500 Btu/lb 


• LCH^ storage requirements to accommodate schedule downtime, peak 
demand, and unscheduled downtime, were calculated at 125 900 m-* 

(792 000 bbl, API). Based on the relative costs of LCH4 storage 
tankage and the ground system requirements, three 42 100 nr* 

(265 000 bbl) cylindrical tanks, each with an aluminum inner tank and a 
carbon steel outer tank, were selected. The minimum cost insulation 
system for the storage tanks uses perlite of 0.91 m (3-ft) thickness in 
the annulus formed by the double walled cylinders. The outer tanks are 
57.9 m (190 ft) diameter. - 

• The ground distribution system to deliver the LCH^ from storage to 
the aircraft is conceptually similar to the system developed in 
reference 5. The system consists of two 4878 m (16 000-ft) length, 

25.4 cm (10-in.) diameter, 9 percent nickel-steel pipelines. The ' 

system will simultaneously accommodate the fueling of four aircraft 
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within 22 minutes. The pipeline insulation consists of 5.08 cm 
(2-in.) thick polyurethane, which is adequate to minimize the heat 
infiltration into the pipeline system. Because the pipeline system 
is below ground (in a trench covered by open grating), expansion 
bellows rather than loops are required to accommodate thermal con- 
traction and expansion. 

• As the LCH4 liquefaction facility is within the airport boundary, the 
pipeline distribution system is less costly than truck transport of 
the LCH, . However, if the liquefaction facility were sited more than 

15 miles from the airport, truck transport of the LCH^ from storage 
to the aircraft would be economically preferable. 

• If required the LCH4 can be subcooled by exchange with liquid nitrogen 
The extent of subcooling requirements is dependent on the aircraft 
fuel tank design. Consequently, the costs and requirements for sub- 
cooling the LCH, by as much as 11.1°C (20°F) were estimated. Costs 
were provided as input to determine if subcooling or gelling the LCH4 
might be advantageous to minimize the boil-off losses from the LCH4 
during aircraft flight. 

• The energy consumption of the LCH^ ground system is dependent on the 
composition of. the feed gas to produce LCH^ and the degree of subcool- 
ing required. Natural gas-feed requirements were calculated at 

3.81 x 10 12 J (36.13 trillion Btu/yr) (HHV) whereas SNG-feed require- 
ments are 3.46 x 10 12 J (32.78 trillion Btu/yr) (HHV). The difference 
is due to the greater mole percentage of methane in the SNG. Basic 
electricity requirements for the ground system are 6258 kW. Sub- 
cooling the LCH4 by 20°F would increase electricity requirements to 

16 000 kW. 

• The total capital investment for the LCH^ ground system ranges from 
$104.5 million (1976 dollars) to $144.2 million (1976 dollars), 
depending on the cost of the feed gas, which affects net receivables 
included in working capital and the degree of subcooling 0.55°C to 
11.1°C (1°F to 20°F below -259°F) required. 

• The total annual operating costs (excluding capitalization) of the 
ground system range from $105.5 million (1976 dollars) to $329.0 mil- 
lion (1976 dollars), depending on the feed gas composition, the cost 
of the feed gas taken from $2.85 to S8.54/GJ ($3 to $9/million Btu, 
HHV), and the degree of subcooling required. 

• a review of the physical properties of LCH^ and LH2 indicate that both 
products can be safely used as aircraft fuel as long as the appro- 
priate standards for their handling are followed. However, utiliza- 
tion of LCH4 as aircraft fuel may be subject to public pressures 
resulting from the current controversy in the area of LNG safety. 


223 



Because the LNG industry is a relatively mature industry, utilization 
of LCH^ as aircraft fuel would not be precluded by technological 
limitations on the ground system. 


9.1 The Conceptual Physical Configuration of the Ground Systems 

For the purposes of this study , a supply of pipeline-quality natural gas 
was assumed to be available at the boundary of SFO. The major facilities 
that are required for the ground system are as follows: 

• Natural gas liquefaction plant and utilities 

• LCH^ storage system 

• LCH^ distribution and aircraft refueling system 
LCH^ processing systems. 

The major components of the ground system that are required for the sup- 
ply of LCH^ at the San Francisco airport are shown in figure 128. 

9 ‘ 1 ; 1 Select a preferred liquefaction cycle and requirements. - Preliminary 
estimates indicated that a liquefaction plant design capacity of about 
2.41 x 10 m (85 million SCF/day) would be sufficient to meet the annual 
aircraft fuel requirements at SFO, in the year 2000. This capacity was ar- 
rived at by considering the annual aircraft fuel consumption, the expected 
fuel losses from the distribution and storage systems, and the annual avail- 
ability of a liquefaction plant, which is assumed to be 340 stream-days /year 
(table 50). Even though the operating capacity of the liquefaction plant is 
set at 2.41 x 10* m 3 (85 million SCF/day), the plant would be capable of 
liquefying 10 percent in excess of this capacity. 

To select the most economical and practical cycle for the application 
under study, a comparative analysis of the four basic natural gas 



Figure 128. — Major facilities for SFO ground system. 
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TABLE 50. - PRELIMINARY ESTIMATE OF LIQUEFACTION 
FACILITY DESIGN CAPACITY 


Capacity, IQ 6 kg ilb)/yr 

Annual Quantity of LCH 4 to be loaded 

459 (1 012) 

Distribution Losses at 11% 

56.7 (125) 

Annual Quantity of LCH 4 into Distribution System 

527 (1 137) 

Storage Losses at 7%* 

37.6 (81) 

Annual Quantity into Storage 

565 (1 218) 

Annual Quantity of LCH 4 Required 

565 (1 218) 

Operating Days of Liquefaction Facility 

340 days/year 

Daily Design Capacity of Liquefaction Facility 

1.66 X 106 kg (3.58 X 10 6 lb)/day 
2.39 m3/day (84.4 X IQS SCF/day) 

•Estimated, based on storage boil-off of 0.05%/day and flash losses from return of LCH 4 from circulation 
in distribution system. 


liquefaction cycles was conducted to establish the selection criteria values. 
The liquefaction cycles considered in this analysis are ( 1) the cascade cycle, 
which is the basis of the Phillips Petroleum Co. Improved Optimized Cascade 
Cycle C reference 29); ( 2 ) the propane-precooled multicomponent cycle, which is 
commercially available as the Air Products and Chemicals, Inc., MCR cycle 
(reference 30); ( 3 ) the multicomponent cycle, which is commercially available 
as the J. F. Pritchard Co. PRICO® process (reference 31); and (4) the expand- 
er cycle, which has not been used for baseload applications (reference 32). 

A description of the three commercially available liquefaction processes for 
baseload applications are presented in Appendix A. These cycles are utilized 
in the gas industry for production of liquefied natural gas (LNG) and would 
require modification for production of LCH 4 . The implications of producing 
LCH 4 are discussed in Section 9.1.4, LCH 4 Processing Requirements. The 
basis of the selection was a plant design capacity of 2.41 x 10^ m 3/day (85 
million SCF/day). Throughout the comparison of the cycles, the plant was as- 
sumed to consist of a single liquefaction train. An economic trade-off analy- 
sis of a single vs. dual train facility was conducted under Task 5, Estimate 
the Capital and Operating Costs of the Ground System, because such a trade-off 
must also consider the storage capacity requirements. Essentially, the selec- 
tion of the cycle was therefore based on the relative values of criteria for 
each cycle. 

Although the primary considerations in establishing the most appropriate 
cycle for the application under study are the operating costs and the initial 
capital costs,* a number of other factors are also considered on the basis of 
actual operating experience of liquefaction cycles. That is, in the LNG 
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industry , the operating experience has been for plant design capacities of less 
than 0.71 x 10 nr/day (25 million SCF/day) (for the peakshaving segment of 
the industry) or greater than 3.54 x 10® m 3 /day (125 million SCF/day) for the 
baseload segment of the industry (reference 33). Because of the limitations 
in operating experience and the unique application of this liquefaction cycle, 
the following criteria were utilized in the cycle selection to ensure that 
the most economical and practical cycle was chosen: 


• Horsepower Requirements - Minimum horsepower requirements per standard 
CF/day of gas liquefied directly affect both initial capital cost and 
operating costs. 

• Fuel Gas Requirements - Fuel gas requirements directly affect operat- 
ing costs. 

• Operating Flexibility - Operating flexibility is the capability of the 
cycle to operate at less than design capacity without a loss in 
efficiency. 

• Design Simp licity — Design simplicity, which is defined as fewer major 
components, is expected to decrease the probability of unscheduled 
downtime and also decreases working capital requirements as parts 
inventories are smaller. 

• Availability of Of f— the— Shelf Turbomachinerv — Although future 
technologies can be considered for this application, the availability 
of off-the-shelf turbomachinery ensures that at least the actual 
design efficiency of the cycle can be obtained because overrating or 
underrating of the turbomachinery is avoided. 

• Relative Operatin g Costs - The operating costs, including capitaliza- 
tion, are used to determine the most economical cycle. 

• Refrigerant Requirements - Refrigerant requirements affect the 
operating cost and also the reliance of the cycle on outside vendors; 
therefore, the more self-sustaining the cycle, the more appropriate 
it is for this application. 

• Operating Experience - The actual operating experience of commer- 
cially available liquefaction cycles was taken as an indication of the 
proven performance of the cycle. 

The method of evaluating the four cycles consisted of the following steps: 

• Computer Simulation - Computer simulation (reference 34) of the four 
basic cycles was used to determine the horsepower and fuel gas 
requirements. Simulation was used because the actual requirements 
for commercially available liquefaction cycles are not available as 
no liquefaction plants have been placed in operation at the design 



capacity as determined for this application. Because simulation was 
based on models of the major cycles and not on the specific design 
of the commercial processes, the horsepower requirements and fuel gas 
requirements are not necessarily the requirements that would result if 
a commercial vendor developed a specific design for this application. 
The results are, however, consistent with available information on 
operating liquefaction facilities. 

• Literature Review and Evaluation - The available literature on com- 

mercially available processes were reviewed and commercial vendors 
were contacted to obtain information to evaluate the following 
criteria: operating flexibility, design simplicity, availability of 

off-the-shelf turbomachinery, refrigerant requirements, and operating 
experience. Based on the literature review and evaluation, each cycle 
was rated on each of the previously mentioned criteria on a scale 
from 1 to 4 (best to worst) . The cycle with the minimum sum of 
criteria ratings was taken as being the most practical cycle. 

• Comparison of Operating Costs - A comparison of the relative operating 
costs of the four cycles as a function of natural gas price was 
conducted. 

9. 1.1.1 Comparison of cycles . - A comparison of the liquefaction cycles by 
criteria follows. 

Horsepower requirements : The results of the simulation of the cycles 

show that the propane-precooled process represents the lowest horsepower 
11.8 W/m^/day (447 hp/million SCF-day) requirement per 28.3 m 2 /day (million 
SCF/day) . The multicomponent process requires 19 percent more horsepower than 
the propane-precooled process and 9 percent more than the cascade process. 
These differences indicate a possible fuel cost and possible investment ad- 
vantage for the propane-precooled process in particular. The expander cycle 
horsepower requirements were estimated at 22.4 kW/m 2 -dav (850 hp/raillion 
SCF-day) . 

These horsepower requirements are not based on proprietary data, and do 
not reflect any licensor's recommended refrigerant conditions or operating 
conditions. Each process vendor may come up with a specific design variation, 
thus reducing the total horsepower requirement. However, in general, it can 
be anticipated that the expander cycle, unless it employs several. stages of 
expansion and cooling, will exhibit a higher power consumption than the other 
types of LNG cycles. Similarly, a multicomponent refrigerant cycle will tend 
to exhibit higher power consumption than either cascade or propane-precooled 
multicomponent cycles because it employs a single stage of cooling. 

Fuel gas requirements : Fuel gas is used to supply all compressor power 

requirements and also the auxiliary electric power requirements for instru- 
mentation and controls. The cascade process requires 11.1 x 10 12 J/day 
(10.50 billion Btu/day) for fuel, while the propane-precooled and the multi- 
component processes require 10.1 x 10* 2 J/day (9.6 billion Btu/day) and 
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12.1 x 10^2 j/day (11.45 billion Btu/day) , respectively. The expander cycle 
is estimated to require 20.3 x 10 12 J/day (18.3 billion Btu/day). 

The fuel gas requirement ranged from 12.0 percent to 14.0 percent of the 
net plant output, if an identical heating value is assigned to the product 
gas produced in the different liquefaction plants. The indicated difference 
between fuel requirements for cascade and •multicomponent refrigerant processes 
represents an annual operating saving of $0.45 million for the cascade process, 
based on an inlet fuel cost of $1.33/GJ ($1. 40/million Btu) and a 93-percent 
stream factor. The same comparison between multicomponent refrigerant and 
propane-precooled processes yields an annual saving of $0.88 million/year for 
the propane-precooled process. If the inlet gas price is escalated, the 
annual saving would increase accordingly for each comparison. 

Operating flexibility ; The operating flexibility of the liquefaction 
cycle is principally determined by three factors: turndown capability, 

changes in feed gas composition, and ease of start-up operations. 

Plant turndown capabilities : As the demand for LCH^ at an airport is 

expected to have a greater variation than would normally be encountered in a 
baseload LNG operation, the turndown capabilities of the cycles are considered 
important in minimizing the actual operating costs of the cycles. The turn- 
down capability is evaluated in terms of the ability of the cycle to operate 
at less than design capacity without a loss in efficiency, where efficiency 
is defined as: 


energy output + energy input 

The Phillips Petroleum process can be turned down to 80 percent of the 
design capacity without sacrificing efficiency. However, the liquefaction 
unit can be operated betwen 100 percent and 0 percent of the capacity by 
recycling a portion of the compressor refrigerant back into the compressor 
suction side (reference 35) . 

The Pritchard process can be turned down to 70 percent of product design 
capacity by controlling the compressor inlet guide vanes without a loss in 
efficiency. Further turndown can be achieved, but the fuel rate will remain 
constant. After 70 percent turndown of the compression capacity by controlling 
inlet guide vanes, further reduction is obtained by feeding a portion of com- 
pressor refrigerant back into the compressor suction side (reference 36) . 

The Air Products process is capable of being turned down to 70 percent of 
design capacity with a slight improvement in overall efficiency (reference 37). 
As with the Pritchard process, the fuel consumption rate would remain at the 
70 percent level if the Air Products process is turned down lower. Turndown 
operation to 25 percent of capacity for extended periods has been achieved on 
the Brunei, Borneo, LNG facility (references 38 and 39). 

Theoretically, the expander cycle should be capable of exhibiting some 
turndown capacity, depending on the design the turbo-expander. That is, 
if the expander blade positions can be adjusted for different flow rates, 



turndown without an efficiency loss could be accomplished (reference AO) . The 
extent of such turndown capabilities is, however, not known. 

Feed Gas Composition : The capability of the cycle to accommodate changes 

in feed gas compositions is considered important because the feed gas for the 
LCH, may originate from a coal-gasification facility. The composition of such 
a feed gas is different from the feed gas compositions normally encountered in 
LNG liquefaction. 

Phillips' design is least flexible in handling changes in feed gas compo- 
sition. Phillips' literature stresses the importance of first determining the 
limits of feed composition variation and designing the cryogenic exchangers 
accordingly (references 29 and 41) . The design should be made with sufficient 
flexibility to anticipate future feed composition changes and normal day-to- 
day fluctuations, whether it be heavy or light components. 

Air Products described experiences at the Brunei, Borneo, LNG facility 
where its process operated successfully over a wide variation in feed gas 
composition (references 38 and 39). Feed variations ranged from 38.7 to 
40.9 GJ/m 3 (1040 to 1100 Btu/SCF) . For the Das Island, Abu Dhabi, project, 
the same process will handle the full range from 38.7 (1040) to higher than 
48.4 GJ/m3 (1300 Btu/SCF) (reference 42). According to Air Products, the 
cryogenic heat exchanger regulates LNG production and the amount of refriger- 
ant required. The refrigerant composition may be altered for a wider range 
of feed gas composition. 

According to Pritchard information, the performance of the cryogenic heat 
exchanger is relatively insensitive to small changes in gas composition and 
precise control is not required (references 43 and 31) . 

Plant start-up : The three different commercially available cycles would 

be started by placing the gas treater, the gas dehydrator, and the utility 
system in operation, each in the same manner. However, the compressor start- 
up for each plant would not follow the same pattern since each plant uses a 
different refrigerant. 

According to Pritchard descriptions, the only refrigerant required for 
start-up is dry natural gas in the refrigerant loop. Refrigerant is added to 
the system and exchanger cooldown proceeds. The cooldown and LNG production 
process takes about 3 to 6 hours. This start-up description assumes that 
auxiliary equipment - pretreatment units, boilers, etc. - are in operation and 
that the liquefaction system is purged and defrosted. Pritchard claims imme- 
diate, safe shutdown can easily be accomplished manually at the control center 
with the push of a button. From a cooldown condition, start-up may be accom- 
plished in about 0.5 hours (reference 36). 

The Phillips improved "optimized cascade" process requires that propane 
and ethylene refrigerant be purchased for operation. Storage must be pro- 
vided for both refrigerants, including small, packaged refrigeration units for 
ethylene. The start-up time, based on previous experience gained at Kenai, 
runs around 4 to 8 hours (reference 41). 
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The Air Products cycle requires an initial charge of propane for start-up. 
The start-up time for LNG production from a hot start with all the equipment 
in operation is reported to be around 3 days (reference 38) . 

Design simplicity : Design simplicity is primarily affected by the two 

major components of a liquefaction cycle: the turbomachinery and the cryogenic 

heat exchangers. 

Cryoge nic heat_ exchangers : A list of cryogenic and other heat exchangers 

used in the different liquefaction processes considered is given in table 51. 

The cryogenic heat exchangers employed in the processes fit into two basic cate- 
gories: spiral wound and the brazed plate— fin type. Air Products incorporates 

the wound aluminum tube design, while Phillips and Pritchard use the brazed 
aluminum plate-fin exchangers. The coil wound tube exchangers usually comprise 
a much larger single package in physical size and weight than the individual 
plate-fin cold boxes. Air Products’ design will use one large cryogenic coil- 
wound heat exchanger. This unit will consist of two wound shell-and-tube 
bundles in a common pressure shell. Phillips’ improved optimized cascade 
design will use nine cold boxes with four cores per box, and each core box 
will be installed vertically and connected in parallel. In addition to the 
main liquefaction exchangers, the Pritchard process employs brazed aluminum 
exchangers for two other services. These are relatively small units. 

Other Heat Exchangers : Heat exchangers considered in this category 

include water coolers, flash gas, and flash liquid exchangers, and boilers or 
steam turbine condensers. The approximate square feet of heat transfer sur- 
face required in this service is presented in table 51. 


TABLE 51. - CRYOGENIC HEAT EXCHANGERS 



(Air Products) 
Propane-Precooled 

(Phillips) 

Cascade 

(Pritchard) 

Multicomponent 

Refrigerant 

Liquefaction Capacity/ 
Train (plant), 
million m^(SCF) day 

2.41 (85) 

2.41 (85) 

2.41 (85) 

Number and Type of 
Cryogenic Heat Exchanger 
per Train 

1 cold box* coil 
wound aluminum 
tubes 

9 cold boxes 

plate-fin 

(aluminum) 

8 parallel 
cold boxes 
aluminum 
plate and fin 

m 2 (Ft 2 ) of Cryogenic Heat 
Exchanger Area per Tain 

31 999 (344 450) 

28 872 (310 787) 

173 760 (1 870 400) 

Other Heat Exchanger Area 
per Train, m 2 (Ft 2 ) 

8 706 (93 715) 

13 415 (144 398) 

9 694 (104 352) 

Plant Cooling Water 
Requirement, m^(gpm) 

1049 (37 053) 
8.3°c (15°F rise) 

843 (29 789) 
11.1°c (20°F rise) 

1235 (43 608) 
8.3°c (15°F rise) 

*0ne cold box has two erogenic exchanger bundles. 



230 






Compressor and driver components : A list of compressors and drivers 

employed in the different liquefaction plants is given in table 52. The 
propane-precooled and cascade cycles are similar in that they both incorporate 
three compressors. In contrast, the multicomponent design employs a single 
axial compressor with two drivers. Both the cascade and propane-precooled 
designs use steam turbines as the compressor drivers, whereas the multicompo- 
nent design will use one turbine and a gas turbine to drive a single axial 
compressor. In selecting the steam turbines, wherever possible, a similar 
unit is recommended for driving the different compressors. This duplication 
of steam turbines helps reduce the size of the spare parts inventory. 


TABLE 52. - LIST OF COMPRESSORS AND DRIVERS 


Cascade 

Cycle 

Propane-Precooled 

Multicomponent 

4 Centrifugal 

3 Centrifugal 

1 Axial 

Propane Service 

Propane Service 

1 Elliot 268A11 

1 Elliot 46M5 

1 Elliot 60M6 

33 200 kW 

10 660 kW 

8 576 kW 

(44 505 hp) 

(14 291 hp) 

(11 496 hp) 


Ethylene Service 

MCR Low-Pressure Service 


1 Elliot 46M8 

1 Elliot 60M5 


9 747 kW 

10 668 kW 


(13 066 hp) 

(14 300 hp) 


Methane Service 

MCR High-Pressure Service 


1 Elliot 38M5 

1 Elliot 38MB6 


1 Elliot 29M6 

8 576 kW 


10 052 kW 

(13 475 hp) (combined) 

(11 496 hp) 


3 Condensing Steam Turbines 

3 Condensing Steam Turbines 

1 Condensing Steam Turbine 

Propane Service 

Propane Service 

Elliot 2SNV9 

1 Elliot SQV8D F 

1 Elliot 2SNV8DF 


Ethylene Service 

MCR Low-Pressure Service 

1 Gas Turbine 

• 

1 Elliot SQV80F 

1 Elliot 2SNV8DF 

GE Frame 5 

i 

Methane Service 

MCR High-Pressure Service 


1 Elliot SRV80S 

1 Elliot SRV8DF 

. 
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Availability of off-the-shelf turbomachinerv : The number of compressor 

units and major drive system components required for different liquefaction 
and operating speed are recommended by Elliot Co. According to Elliot Co., 
all of the compressors and turbine drivers recommended are off-the-shelf 
machines (references AA and A5) • An economic comparison of steam turbine 
drivers, as opposed to gas turbine drivers, is outside the scopa of this 
study. In most cases, the configuration of turbomachinery is kept similar 
to the one used in different existing or proposed baseline LNG plants 
(references A6, A7, A8) . 

Although the compressors for an expander cycle are off-the-shelf items, a 
condensing turboexpander rated at about 56A0 kW (7560 hp) for LNG service is 
not available. 

Refrigerant req uirements : Air Products requires propane for the propane 

refrigeration section, as described in the process description in the Appendix, 
and a mixed refrigerant composed of AO percent methane, 35 percent ethane, 

15 percent propane, and 10 percent nitrogen (reference 30). Pritchard utilizes 
mixed refrigerant, but the specific details on the composition breakdown are 
not available. The Pritchard refrigerant would include methane, ethane, 
propane, butane, and pentane hydrocarbons along with nitrogen (reference (A3) 

The Phillips improved optimized cascade design, uses three separate refrigerants 
propane, ethylene, and flash gas. The flash gas, composed primarily of methane 
(about 83 percent) and nitrogen (about 17 percent) , is produced continuously 
from LNG pressure letdown, and recycled to the feed gas being liquefied 
(reference 29) . 


For all the three liquefaction designs, nitrogen must be supplied to the 
plants. Generally, nitrogen is supplied from a package air separation unit. 

The source and quantities of makeup refrigerants varies for different 
processes. Phillip's design needs approximately A19 kg (92A lb/day) of 
ethylene and 596 kg (1315 lb/day) of propane, and both of the refrigerants are 
assumed to be purchased (reference 29). Storage facilities for both propane 
and ethylene must be provided on site for Phillips. Pritchard has a smaller 
makeup requirement 161 kg (35A lb/day total) and most of these refrigerant 
components are to be obtained from the feed gas (reference 31). Information 
on the Air Products refrigerant makeup is not available, but it can be assumed 
that the refrigerant makeup is obtained from the light end fraction.* 

Information on expander cycle refrigeration is not available but the cycle 
would require nitrogen if a closed cycle is employed and methane for either 
the closed or open cycle. It is expected that the refrigerant requirements 
for the expander cycle would, however, be less than the commercially available 
cycles since the expander cycle is essentially based on Joule— Thompson cooling 
(references A9, 50, and 51). 


*If the feed gas is SNG, then all refrigerant requirements must be purchased 
from outside vendors 
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Operating experience : The operating experience of the commercially 

available liquefaction cycles is taken as an indication of the proven perfor- 
mance of these cycles. Of the international base-load liquefaction facilities 
in operation or under construction, eight utilize an Air Products cycle design, 
two utilize a Pritchard design, and one utilizes the Phillips optimized cascade 
design (reference 33). As previously mentioned, the expander cycle has not 
been utilized for base-load applications. 

Relative operating cost comparison : To determine the most economical 

liquefaction cycle, a comparison of the relative operating costs including 
capitalization of the major components unique to each cycle was performed. 

The direct capital costs for each cycle are presented in tables 53 through 56. 

As only a comparative analysis is required, the annualized capital cost 
of each cycle was taken as 5 percent of the total direct cost (which would be 
consistent with a nondiscounted straight-line depreciation expense over 
20 years) . Annual operating and maintenance costs were then added to the 
annualized capital cost to obtain an annual cost of operation for each cycle 
excluding the annual cost of fuel gas. A range of fuel gas prices was used 
to then determine the relative cost of operation of each cycle. The costs 
were normalized to the propane-precooled cycle at a fuel gas cost of $0.95/GJ 
($1. 00/million Btu) . 

The results of the comparative economic analysis, figure 129, show that 
the propane-precooled liquefaction cycle would be the most economical cycle 
for the application under study when fuel gas costs are greater than about 
$0.33/GJ ($0. 35/million Btu). 

Results : The results of the analyses undertaken in Task 1.1 show that 

the propane-precooled multicomponent cycle is the most economical cycle for 
this application and that it is as practical as the next least costly cycle, 
the multicomponent cycle, table 57. Consequently, the propane-precooled 
cycle is dominant and further analyses of LCH^ for subsonic aircraft con- 
sidered only that cycle. 

9.1.2 Requirements for LCH /. storage .- The methodology of this task in- 
cluded the following steps: 

• Storage Capacity Requirements . Total storage capacity required for 
this application was determined by an analysis of the LCH^ demand 
and supply cycle. 

• Number and Size of Storage Tanks . The number and size of storage 
tanks is based on the expected operation at the airport in meeting 
aircraft LCH^ demand. 

• Type of Storage Tank. The analysis was restricted to aboveground 

storage tanks, consequently the type of storage tanks was based on an 
economic analysis of the tank cryogenic material: 9 percent nickel- 

steel, 5 08 3- Aluminum, and prestressed concrete. 
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TABLE 53. - COST ESTIMATE, CASCADE CYCLE 


Principal Components 

Estimated Cost, S 

Steam Turbine 10 668 kW (14 300 hp) 

580 000 

Steam Turbins 9 772 kW (13 100 hp) 

580 000 

Steam Turbine (13 500 hp) 

526 500 

Centrifugal Compressor 10 668 kW (14 300 hp) 

415 000 

Centrifugal Compressor 9 772 kW (13 100 hp) 

534 000 

Centrifugal Compressor 10 071 kW (13 500 hp, 2 frames) 

774 500 

Heat Exchangers 


Cryogenic Cold Box 28 872 m 2 (310 787 ft 2 )(9 units) 

1 865 000 

Other 13 415 m 2 (144 398 ft 2 ) 

723 000 

Utility Area (steam Boilers, etc.) 

6 500 000 

Total Direct Cost 

12498 000 

Annualized Capital Cost (0.05 X Total Direct Cost) 

624 900 

Annual Operating & Maintenance Expense 


(0.040 X Total Direct Cost) 

499 920 

Annual Cost (excluding fuel gas) 

1 124 820 


TABLE 54. - COST ESTIMATE, PROPANE-PRECOOLED MULTICOMPONENT 


Principal Components 

Estimated Cost, $ 

Steam Turbine 8 579 kW (1 1 500 hp) 

522 000 

Steam Turbine 8 579 kW (11 500 hp) 

522 000 

Steam Turbine 10 817 kW (14 500 hp) 

566 000 

Centrifugal Compressors 8 579 kW (11 500 hp) 

403 000 

Centrifugal Compressors 8 579 kW (11 500 hp) 

403 000 

Centrifugal Compressors 10 817 kW (14 500 hp) 

420 000 

Heat Exchangers 

Cryogenic Cold Box 32 050 m 2 (345 000 ft 2 )(2 bundles) 

2 070 000 

Other 8 733 m 2 (94 000 ft 2 ) 

470 000 

Utility Area (steam boilers, etc.) 

6 500 000 

Total Direct Cost 

11 876 000 

Annualized Capital Cost (0.05 X Total Direct Cost) 

593 800 

Annual Operating & Maintenance Expense 
(0.028 X Total Direct Cost) 

332 528 

Annual Cost (excluding fuel gas) 

926 328 
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TABLE 55. - COST ESTIMATE, MULTICOMPONENT CYCLE 


Principal Components 

Estimated Cost $ 

Gas Turbine 22 529 kW (30 200 hp) 

3 020 000 

Steam Turbine 10 742 kW (14 400 hp) 

520 000 

Axial Compressor 24 765 kW (44 500 hp) 

800 000 

Heat Exchangers 


Cryogenic Cold Box 173 700 m^ (1 870 000 ft^)(8 units) 

3 500 000 

Other 9 694 m 3 (104 352 ft 2 ) 

525 000 

Utility Area (steam boilers, etc.) 

3400000 

Total Direct Cost 

11 765 000 

Annualized Capital Cost (0.05 X Total Direct Cost) 

588 250 

Annual Operating & Maintenance Expense 


(0.030 X Total Direct Cost) 

352 950 

Annual Cost (excluding fuel gas) 

941 200 

TABLE 56. - COST ESTIMATE, 

EXPANDER CYCLE 

Principal Components 

Estimated Cost $ 

Turboexpander/Compressor 5 595 kW (7 500 hp) 

635000 

Main Compressor 31 705 kW (42 500 hp) 

2 380 000 

Refrigeration Compressor 15 368 kW (20 600 hp) 

830 000 

Cold Gas Compressor 298 kW (400 hp) 

120 000 

Heat Exchanger 16 722 kW 180 000 ft 2 

1 100 000 

Steam Turbine 15 368 kW (20 600 hp) 

824 000 

Gas Turbine 31 705 kW (42 500 hp) 

4 250 000 

Utility Area (steam boilers, etc.) 

3 400 000 

Total Direct Cost 

13 539 000 

Annualized Capital Cost (0.05 X Total Direct Cost) 

676 950 

Annual Operating & Maintenance Expense 


(0.025 X Total Direct Cost) 

388475 

Annual Cost (excluding fuel gas) 

1 065425 
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Figure 129. - Relative annual cost of liquefaction cycles. 


TABLE 57. - COMPARISON OF LIQUEFACTION CYCLES 


Characteristics 

Cycle 

Multicomponent 

Propane Precooled 

Cascade 

Expander 

Horsepower Requirements 

15.1 X10 6 m 3 

12.7 X 10® m 3 

13.8 X 10 6 m 3 

24.1 X 10 6 m 3 


(533 hp/10® SCF) day 

(447 hp/10 6 SCF) day 

(489 hp/10 6 SCF) day 

(850 hp/10 6 SCF) day 

Fuel Gas Requirements 

12.1 X 10 9 kJ 

10.1 X 10 3 kJ 

11.1 X 10 9 kJ 

19.3 X 10 9 kJ 


(11.45 X 10 9 Btu) day 

(9.6 X 10 9 Btu) day 

(10.5 X 10 9 Btu) day 

(18.3 X10 9 Btu) day 

Operating Flexibility 

1 

1 

2 

4 

Oesign Simplicity 

1 

2 

3 

1 

Availability of Qff-the-Shelf 





Turbomachinery 

1 

1 

1 

4 

Refrigerant Requirements 

2 

3 

4 

1 

Operating Experience 

3 

1 

2 

4 
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• Insulation Requirements . The thickness of the insulation system was 
based on an economic analysis of the capital and operating costs of 
a boil-off compressor versus the increased capital cost of the tankage 
due to increased insulation thickness. 

9. 1.2.1 Storage capacity requirements .- The total storage capacity of the 
facility must be sufficient to provide for ( 1 ) the differences between peak 
and normal fueling operations, (2) scheduled downtime, and (3) unscheduled 
downtime. Based on the results of the LH 2 Airport Requirement Study, the 
annual quantity of the LH 2 loaded in the year 2000 is 191.2 x It)** kg (421.6 mil 
lion lb) (reference 5). As the average day demand during the peak month is 
697 tonnes/day (768 tons/day) , the average daily demand during the off-peak 
months would be 508 tonnes/day (560 tons/day). Assuming a lower heating value 
Btu equivalency between LH 2 and LCH 4 requirements, the annual quantity of 
LCH^ to be loaded would be .677 x 10^ nH (23.9 billion SCF). The LCH 4 aircraft 
demand cycle consists of 31 days of peak demand at 2.46 x 10^ m 3/day (86.7 mil- 
lion SCF/day) and 334 days of off-peak demand at 1.80 m-Vday (63.4 million 
SCF/ day) . 


The production schedule of LCH 4 is dependent on the liquefaction cycle 
operation. That is, the production schedule depends on the number of trains 
(modules) employed in the liquefaction plant, the scheduled downtime require- 
ments and unscheduled downtime. Although the liquefaction cycle selection 
of Section 9.1.1 was based on a single liquefaction train (as the selection 
was based on only a comparative analysis and the economics of scale are 
assumed continuous over the range of liquefaction capacities defined by dual 
versus single trains) the analysis of storage capacity was done for single 
and multiple liquefaction train facilities to facilitate the economic analysis 
as reported in Section 9.5 of this study. 


9. 1.2.2 Single train liquefaction .- For a single train liquefaction facility, 
the design capacity of the facility as set at 2.41 x 10° m3/day (85 million 
SCF/day), which is based on a plant on-stream factor of 0.93 (340 days/year) 
and total distribution and storage system losses of 18 percent. The LCH^ 
production and demand cycle for a single liquefaction train is presented in 
figure 130. 


The area A is the quantity of LCH 4 required from storage during scheduled 
maintenance that would occur during off-peak operations. Area C is the 
quantity of LCH 4 provided from storage for peaking operations. Area B repre- 
sents the quantity of LCH^ available for storage during normal operations and 
is equal to the sum of areas A and C. The quantity of LCH 4 that must be in 
storage at the beginning of expected and unexpected downtime and the peak 
demand period is presented in table 58. 


For scheduled downtime of the single train liquefaction facility, the 
quantity of LCH^ that must be delivered to the aircraft is 44.9 x 10 ^ m3 
(1585 million SCF) based on 25 days of. downtime during the off-peak demand 
period. Including the estimated distribution and storage system losses of 
liquid to vapor, the total quantity of LCH^ that must be in storage at the 
start of the scheduled liquefaction facility downtime is 54.7 x 10^ m^ 
(1933 million SCF) . 
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Figure 130. ** LCH^ production versus demand cycle (single train 
liquefaction) . 


TABLE -58. - LCH 4 DEMAND TO BE MET FROM STORAGE (SINGLE TRAIN) 



Storage ~] 

10 G m 3 (Million SCF) 

m 3 (bbl, API) | 

Unscheduled Downtime 
Scheduled Downtime 
Peaking Operations 

24.1 (850.0) 
54.7 (1933) 

18.2 (643) 

38 474 (242 000) 

87 440(550 000) 

29 094(183 000! 




During the peak demand period of 31 days, 2.46 x 10 6 m 3 /day (86.7 million 
SCF/day) of LCH 4 must be delivered to the aircraft. Of this quantitv 1,97 x 
10 m /day (69.7 million SCF/day) is estimated to be delivered from the 
liquefaction facility. Consequently, a total of 14.9 x 10 6 m 3 /day (527 mil- 
lion SCF) of LCH 4 must be delivered to the aircraft from storage durir.s the 
peak period. Adjusting for the estimated losses in the storage and distri- 
bution system, 18.2 m 3 (643 million SCF) of LCH, must be in storage at~the 
beginning of the peak period. V 

For the single liquefaction train, storage for unscheduled downtime was 
arbitrarily set at 1.42 m (50 million SCF) based on an assumed failure mode 
of 10 days duration. "Rules-of-thumb" for sizing contingency storage for 
base-load LNG facilities are not appropriate for this application because 
contingency storage at base-load facilities is principally a function of the 
transportation (i.e., the LNG ships and expected travel time delays) rather 
than the probability of liquefaction plant outage (reference 33). However, 
for this application the delay of one aircraft is insignificant in the total 


238 



system. Consequently, the principal need for contingency storage is the prob- 
ability of failure in the liquefaction plant. Based on the operating history 
of the baseload LNG industry and the requirements for other storage at the. 
facility (which could also be drawn down in the event of an outage exceeding 
10 days) ; contingency storage of 1415 m 3 (50 million SCF) is believed to be 
sufficient (reference 52). 

However, because the scheduled downtime could be arranged to occur during 
any period during the off-peak demand, maximum recycling of the actual storage 
tanks could be obtained. Consequently, the actual storage capacity required 
is equal to the maximum of the annual demand that must be supplied from stor- 
age during scheduled downtime or during the peak month plus additional storage 
for unscheduled operations. As the maximum quantity of LCH^ that must be met 
from storage is the LCH^ for scheduled downtime, the resultant physical stor- 
age capacity of the facility is 125.900 m 3 (792 000 bbl) including storage for 
unscheduled LCH^ production outage. 

9. 1.2. 3 Dual train liquefaction .- For a dual train liquefaction facility, the 
total storage capacity would be reduced by two effects: (1) the ability to 

schedule maintenance so that recycling of the storage tanks is greater than 
in the single train case, and (2) the reduction in contingency storage. The 
LCH^ production versus demand schedule is presented in figure 131. 

The quantity of LCH 4 that must be in storage for scheduled and unscheduled 
downtime and for peaking operations is presented in table 59. The quantity of 
LCH, that must be in storage at the beginning of the peak demand period is 
the same as that required for the single liquefaction train. LCH^ in storage 
at the beginning of the scheduled downtime of each of the two liquefaction 
trains is 27.4 x 10^ m 3 (966.5 million SCF). 

For unscheduled downtime, the contingency storage is taken as 50 percent 
of that required for the single train facility. Although the actual contin- 
gency storage capacity would be based on the probabilities of failure, dura- 
tion of failure, and the dependence of the operation of each train on the 
continued operation of the other train, sizing contingency storage at 50 per- 
cent of that for the single train is valid if the probabilities of failure 
are relatively low (i.e., odds of less than 1 in 10 of failure) and the oper- 
ations of the trains are completely independent. 

With maximum recycling of the storage tanks, a total of 62 950 m 
(396 000 bbl) of storage would be required. This capacity is based on the 
maximum of the requirements for scheduled downtimes and peaking operations 
43 720 m 3 (275 000 bbl) and the capacity required for unscheduled downtime 
19 240 m 3 (121 000 bbl) . 

Based on the methodology of single versus dual train analysis of storage 
tankage required, storage tankage required as a function of the number of 
liquefaction trains is presented in figure 132. As the number of trains 
increases, the storage capacity required approaches the minimum of 
29 090 m 3 (183 000 bbl), which is needed for peak-month operations. 
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Figure 131. - LCH^ production versus demand cycle (dual train) . 


TABLE 59. - LCH 4 DEMAND TO BE MET FROM STORAGE (DUAL TRAIN) 



Storage 

10 6 m 3 (Million SCF) 

m 3 (bbl, API) 

Scheduled Downtime (Train A) 

27.4 (966.5) 

43 720 (275 000) 

Scheduled Downtime (Train B) 

27.4 (966.5) 

43 720 (275 000) 

Peaking Operations 

18.2 (643.0) 

29 094 (183 000) 

Unscheduled Downtime 

12.0 (425.0) 

19 237(121 000) 


9. 1.2. 4 Number and size of storage tanks .- A minimum of three tanks is 
required for dispensing and receiving operations. One tank is used for 
dispensing. The second tank is used for receiving liquid from the natural 
gas liquefiers as well as excess liquid returned from the fueling circuit 
or from defueling of aircraft. The third tank serves as a full standby 
tank that can be ready for immediate switchover to dispensing service at the 
moment the dispensing tank becomes empty. In operation, the storage tanks 
would never be completely emptied so that they could be maintained in a 
cooldown condition except for maintenance operations. The need for the 
standby tank results from the near impossibility of scheduling, receiving, 
and dispensing operations in such a way that an empty dispensing tank and 
full receiving tank occur simultaneously. A three-tank system provides the 
necessary flexibility in operations and permits decoupling of storage tank 
filling and emptying operations from aircraft fueling schedules. 
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Figure 132. - Storage tankage capacity requirements as a function 
of liquefaction train capacity. 

3 

The capacity^of each storage tank is set at 42 130 m (265 000 bbl) as 
the economic tradeoff analysis of 9.5 shows that the most economical con- 
figuration results with a single liquefaction train design capacity of 
2.41 x 10^ m 3 /day (85 million SCF/day) and a total capacity 125 900 m 
(792 000 bbl).. 

9. 1.2.5 Type of storage tank .- The type of LCH^ storage tank selected was 
based on the direct cost of aboveground LNG storage tanks, figure 133 (refer- 
ence 53). For a 42 130 m 3 (265 000 bbl) aboveground tank, the direct cost 
per barrel of capacity is lowest for aluminum tankage. 

The storage tank will be an above ground, double-wall cylindrical tank. 
The inner tank will be aluminum. The outer wall is made of carbon steel and 
the annulus is filled with perlite insulation. To absorb differential move- 
ment between the outer and the inner wall due to temperature cycles, a fiber- 
glass elastic blanket is installed around the outside of the inner wall, and 
the inside of the outer wall. 

The inner tank stands on load-bearing insulation above a concrete founda- 
tion that is maintained above freezing by an electrical heating system. 
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Figure 133. - Unit costs of LCH 4 storage tank. 

The conventional double-wall tank included a complete double roof in the 
f^^st LNG tank design. Recently , an alternative form of roof construction 
has been available in the suspended insulating deck concept. In this design 
concept, the inner tank has a suspended deck ceiling that eliminates the need 
for a self-supporting dome made of cryogenic material over the inner tank. 

The dome is replaced with a minimum thickness plate that is supported by 
hanger rods attached to the sealed outer tank. Mineral wool and/or perlite 
insulation is loosely filled on top of this deck. The use of a suspended 
deck ceiling allows the insulation space to be purged via the boil-off vapor 
in the storage tank. For a sketch of the configuration, see figure 152. 

The cost components of a double-wall aluminum/carbon steel storage tank 
are presented in table 60. Standard accessories include piping penetrations 
and pressure relief valving. The insulation costs is based on standard thick- 
ness of 0.91 m (3 ft) for perlite insulation (reference 54) . 

9. 1.2. 6 Insulation thickness .- The standard insulation thickness for 
liquified natural gas storage tanks is generally about 0.91 m (3 ft) (refer- 
ence 54). In order to determine the appropriate insulation thickness for the 
storage tanks in this application, an economic trade-off analysis was 
conducted. 



242 




TABLE 60. - COST COMPONENTS OF ALUMINUM, DOUBLE-WALL 

ABOVEGROUND TANKAGE FOR LCH, 

4 


Component 

% of Total Cost 

Ringwall Foundation 

6 

Outer Tank (Carbon Steel) 

33 

Inner Tank (Aluminum) and Deck 

49 

Standard Accessories 

5 

Insulation 

7 


As shown in table 60, insulation accounts for about 7 percent of the 
direct cost of LCH^ storage tankage. However, increasing or decreasing the 
thickness of the insulation will not only require more insulation, but will 
also require a larger ringwall foundation and a larger outer tank. The 
direct cost of LCH4 tankage as a function of insulation thickness is pre- 
sented in figure 134. Reduction of the insulation thickness from 0.91 m 
(3 ft) to 0.152 m (1/2 ft) would reduce the total direct cost of the three 
42 130 m^ (265 000-bbl) storage tanks by $1.9 million.* 
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134. - Storage tank cost versus insulation thickness. 


*Due to the practical considerations in constructing an aboveground double-wall 
tank, the minimum distance between the inner and outer wall is about 0.91 m 
(3 ft). 
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However, a reduction in the insulation thickness would result in an in- 
creased boil-off rate that would then require additional boil-off compressor 
capacity and additional liquefaction capacity. 

Utilizing the following two equations, the maximum steady-state boil- 
off for the three LCH^ storage tanks was calculated 

( 1 ) 

where 

Q = heat gain per unit time 

X = coefficient of thermal conductivity of perlite 
A =* surface area of the inner storage tank 
tg =» outside ambient temperature 
t^ = temperature of the LCH^ 

Boil-off Rate - Q/h (2) 


where , 

Q = heat gain per lbm of LCH per unit time 

h = enthalpy of LCH^ at t^ 

The resulting total (all three tanks) maximum steady-state boil-off 
for LCH 4 storage as a function of insulation thickness is presented in 
figure 135. 

From the economic analysis of Section 9.5, the effect of insulation 
thickness on the direct operating cost (including capitalization) of the LCH^ 
facility was calculated. The results of the calculation are presented in H 
figure 136. As shown in the figure, the direct operating costs associated 
with the storage tankage increases as insulation thickness increases, the 
direct operating costs associated with the liquefaction train and the boil- 
off compressor/driver decrease as insulation thickness increases. The 
minimum cost insulation thickness is 0.76 m (2-1/2 ft). The total direct 
operating cost curve of figure 136 was based on a fuel gas cost of zero. 

The effect of insulation thickness on direct operating cost for different 
values of the fuel gas cost is presented in figure 137. Obviously, as the 
cost of energy to recompress and reliquefv the boil-off increases, the 
insulation thickness associated with the minimum direct operating cost 
increases. 

Although there are conceivably other uses for the LCH^ boil-off 
(e.g., fuel for the liquefaction plant), it must be remembered that boil- 
off from the storage tanks is also a function of the outside ambient temper- 
ature. Whereas the boil-off compressor must be designed for the maximum 
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Figure 137. - Insulation thickness versus direct operating 
cost at different fuel gas costs. 

expected boil-off, the use of boil-off for liquefaction fuel could reduce 
the size of the compressor but not eliminate the need for a compressor. 
Further, regardless of the use of the boil-off, the liquefaction plant 
design capcity must be increased as the boil-off rate increases. As the 
cost of liquefaction (either increased capacity or reliquefaction) is the 
overriding cost element, the appropriate economic trade-off analysis is that 
which has been conducted because the actual method of use of the boil-off 
will have little effect on the direct operating cost. In essence, the 
existence of boil-off imposses an economic penalty, not the method of 
utilizing the boil-off. 

Because the change in direct operating cost is not substantial as the 
insulation thickness increases beyond 0.91 m (3 ft) (regardless of the fuel 
gas cost), an insulation thickness of 0.91 m (3 ft) has been selected. 

9.1.2. 7 Results .- The results of the storage analysis are that three 
aboveground double-wall aluminum/carbon steel storage tanks, each tank with 
a capacity of 42 130 m (265 000 bbl) , will provide the most economical storage 
concept. The minimum cost insulation for the storage tank is perlite of 
0.91 m (3-ft) thickness. 
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Low profile storage tanks of this capacity would have the following 
profile dimensions: height 30.5 m (100 ft); outer diameter 57.9 m (190 ft). 

For a discussion of tank spacing and diking requirements see section 9.3.4. 

9.1.3 LCH 4 distribution and aircraft refueling system requirement s .- The 
analyses of the ground LCH^ distribution and refueling system included the 
following: 

• Review and modify, where necessary, the LH 2 ground distribution 
pipeline system developed and conceptualized in the previous Lockheed 
Study (reference 5). 

• Conduct a comparative economic analysis of pipeline versus truck 
ground distribution for LCH^. 

9. 1.3.1 LCH 4 pipeline system (modified LH ^ system) ♦- The liquid methane 
ground pipeline distribution system and the aircraft fueling systems are based 
on the concept developed for handling liquid hydrogen at San Francisco airport 
In the concept, the fueling operation is performed at the terminal gate by a 
fueler vehicle equipped to provide all necessary interfaces between a hydrant 
point-of-supply and the aircraft fuel system. Each of the 19-gate fueling 
stations considered for supplying liquid methane fuel will consist of a 
hydrant pit containing interface connect points for LCH^ supply and vent gas 
collection. A typical hydrant pit based on that designed for liquid hydrogen 
fuel is shown in figure 138. This hydrant would operate in a similar fashion 
when used for supplying liquid methane fuel. As shown in the figure, the 
hydrant pit is equipped with a riser from each of the fuel supply loops. The 
risers are connected through service isolation valves to a hydrant shut-off 
valve and a fuel transfer disconnect device. The vent gas displaced from the 
aircraft tanks during refueling would be routed through the fueler vehicle to 
a vent disconnect device to the vent collection header. This equipment will 
be situated in a pit located in the apron below the tail of the aircraft. 

The refueling operation will be carried out by a hydrant fueler vehicle 
equipped to provide the fluid and operational interfaces between a hydrant pit 
and the aircraft. A flow schematic of the hydrant fueling operation is illus- 
trated in figure 139. A detailed procedure for the hydrant fueling operation 
is given in the LH^ airport requirements study (reference 5). This concept 
would not require any modification for transferring LCH 4 to the aircraft 
rather than LH 2 . 

9. 1.3. 2 Ground distribution and refueling system .- The distribution of liquid 
methane throughout the terminal area to the 19 gates at San Francisco airport 
uses a similar concept as developed for LH 2 in a previous study. This con- 
cept is depicted schematically in figure 140. The basic system is a cir- 
culating liquid methane distribution loop which is fed with a saturated or a 
relatively subcooled* liquid methane from a storage tank. The liquid loop, as 
shown in figure 140, is routed past each of the 19 hydrant pits (one for 


^Depends on the degree of subcooling required to reduce the aircraft tank 
flash boil-off losses. 
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Figure 138. - Typical LCH 4 hydrant pit. 
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each gate) , then returned to the storage system. This liquid methane constant 
fuel circulating system keeps the distribution lines and the fueling system 
cool, and the chilldown time is virtually eliminated. In this way, the air- 
craft will obtain fuel upon arrival at its assigned gate without extensive 
planning and scheduling or elaborate communications with LCH, facility 
operations. 4 

9 . 1 . 3 ♦ 3 Design considerations for liquid methane ground distribution and, 
fueling systems .- The liquid methane ground distribution system considered 
here consists of two distribution lines. A main distribution line and a spare 
distribution line. During an average fuel demand period, where as many as 
two aircraft might be fueling at the same time, the main distribution line 
alone will be sufficient to meet the fuel demand. The spare distribution line 
will then provide the required redundancy in the distribution system to en- 
sure an uninterrupted supply of liquid methane fuel. In case of a peak day. 
operation, where as many as four aircraft might be fueling at the same time, 
both liquid methane distribution lines will be used. In other words, the 
required redundancy in the distribution system is not available during the 
peak fueling operation. But, considering the short duration of peak fuel 
demand period, it is safe to assume that a dual line distribution system 
will be adequate to ensure an uninterrupted supply of liquid methane fuel. 

The total length of the cryogenic piping used in the distribution system 
at San Francisco airport can be broken down approximately as follows: 

Approximate Length m, (ft) 

Supply Line 1524 ( 5 000) 

Distribution Line 1829 ( 6 000) 

Return Line 1524 ( 5 000) 

Total Length of Cryogenic Piping 4877 (16 000) 

As shown above, each distribution line will use approximately 4877 m (16 000 
ft) of cryogenic piping. A 25.4 cm (10-in.) nominal diameter pipeline is con- 
sidered in the above conceived distribution system (reference 55). The maxi- 
mum operating pressure of the distribution lines is set by considering the 
following design constraints: 

• Maximum flow rate through the distribution lines 

• Total pressure drop due to the frictional losses (a reasonable 
allowance is made to account for the pressure drop due to valves, 
pipef ittings, and bends, etc.) 

• Pressure drop through hydrant pit and the hydrant fueler vehicle 
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• The pressure at the end of the last hydrant Is set to a value, so 
that the liquid returning to the storage system is saturated in spite 
of the temperature rise due to heat infiltration and frictional losses 
in the distribution lines. 

The minimum flow rate of liquid methane through the distribution lines is 
kept at 0.139 m?/s (2200 gpm).* At this flow rate, a single aircraft can be 
fueled. At a maximum flow rate of 0.278 m^/s (4400 gpm), each distribution 
line is capable of fueling two aircraft, thus, supplying the expected peak 
fuel demand at San Francisco airport. The liquid methane circulation rate, 
required to keep the distribution lines cool during the idle periods could be 
less than 0.139 mr/s (2200 gpm), but to keep the distribution system simple 
(avoid additional transfer pumps) , the idle period liquid methane circulation 
rate is also set at 0.139 m?/s (2200 gpm). 

The total pressure drop due to frictional losses through the supply dis- 
tribution and return lines 4877 m of 25.4 cm (16 000 ft of 10 in.) pipeline is 
approximately 641.2 kPa (93 psi) for a flow rate of 0.139 m-tys (2200 gpm) and 
1972 kPa (286 psi) for a flow rate of 0.278 m?/s (4400 gpm). These pressure 
drop calculations are carried out by using the Darcy-Weisbach equation as 
given below for flow of incompressible fluids in pipes. 


AP 


, -2 _ 
f p v L 

2 S c Di 


(3) 


where, 

AP = Pressure drop, lbf/ft^ 
f = Friction factor, dimensionless 
P « Density of liquid methane, lbm/ft J 
v = Velocity of flow, ft/sec 

L = Total length of piping used in the distribution lines 

g = Conversion factor, — ■ 

C sec -lbf 

Di = Internal diameter of pipeline, ft. 


The pressure drop through the hydrant pit valves and fueler vehicle is taken 
as 82.7 kPa (12 psi). Of this, 41.4 kPa (6 psi) represents the pressure drop 
incurred in lifting the liquid methane from the hydrant pit level to the 
fueling point located in the tail of the aircraft. The temperature as a 
function of liquid methane distribution line length is presented by the 
following relationship 


*The fuel circulation rate is set to accomplish the aircraft fueling 
operation in 20 minutes. 
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WC (Tb - Ta) 

L ■ Tb - Ta - 2 

Pf v 

(R 23 + r 34 ) In (T 4 - Ta) + 2g c Di J 
T 4 ~ Tb 


( 4 ) 


where. 


L 

W 

C 

Tb 

Ta 

Tb-Ta 

r 23 


r 34 


*4 

P 

f 

V 

Sc 

Di 

J 


Total length of distribution line, ft 
Liquid methane flow rate, lb/sec 
Specific heat, Btu/(lb)(°F) 

Temperature at pipeline outlet, °F 
Temperature at pipeline inlet, °F 

Temperature rise over length L of the distribution line 
Heat transfer resistance of the pipe insulation, 

(sec) (ft) (°F)/Btu 

Heat transfer resistance of the ground, (sec) (ft) 
(°F)/Btu. (Used only when the distribution line is 
underground. For aboveground distribution lines, 
r 3 4 =0.) 

Mean ambient temperature, °F 
Density of liquid methane, lbm/ft^ 

Friction factor 
fluid velocity, ft/sec 

i t — lbm 

Gravitational conversion factor - o 

lbf - sec 4 

Inside diameter of the distribution line, ft 
Conversion factor, 778 ft-lb/Btu. 


This relationship gives the temperature profile along the distribution lines. 
It takes into account the temperature rise due to both the ambient heat 
infiltration through pipe insulation and the frictional losses converted to 
heat. 


Equation 4 is used to establish the temperature rise along the liquid 
methane supply, distribution, and return lines. Above ground insulated 
pipelines are considered for the ground distribution system. Generally, two 
types of insulation systems can be used for liquid methane pipelines. These 
are (1) a high vacuum superinsulation system, and (2) a nonvacuum system 
using polyurethane foam insulation. In the case of a high vacuum super- 
insulation system, a cryogenic pipeline would be suspended within a concentric 
external carbon steel pipe, and a 10~3 to 10~4 mm Hg vacuum would be main- 
tained in the annulus between the two pipes. The use of multilayered super- 
insulation in the vacuum annuler space is necessary to reduce radiant heat 
transfer. In the case of a nonvacuum polyurethane system, the insulation is 
fabricated by shaping and filling pieces of insulation to cover the pipe; 
the seams between the pieces can be sealed by a suitable mastic, epoxy, etc., 
or by an external covering (references 56 and 57) . 
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Although the vacuum Insulation system has superior thermal performance 
characteristics than the nonvacuum polyurethane foam insulation system, the 
high cost and maintenance difficulties of a vacuum insulation system makes 
its choice unfavorable, whereas, the use of polyurethane foam mechanical 
insulation appears preferable, since it would circumvent many of the instal- 
lation and maintenance difficulties of a vacuum insulation system. The poly- 
urethane foam is a rigid plastic material with an ideal combination of thermal- 
performance characteristics, strength, ease of fabrication, and low cost. 

It was found that a 5.08 cm (2- in.) thick polyurethane insulation was 
adequate to minimize the ambient heat infiltration into an LNG pipeline (refer- 
ence 58). Increasing the insulation thickness over 5.08 cm (2 in.) resulted 
in only a marginal improvement in the thermal performance. In accordance with 
the above, we have selected a 5.08 cm (2— in.) thick polyurethane insulation 
for the liquid methane lines employed in the ground fuel distribution system. 
For a 5.08 cm (2-in.) thick polyurethane insulation, when used in a 25.4 cm 
(10- in.) nominal size aboveground liquid methane line, the temperature rise 
due to heat leakage and fluid friction is calculated to be about 2.2 C (4 F) 
for both the minimum and maximum rates. It is interesting to note that 
temperature rise does not decrease when the fuel circulating rate is increased 
from 0.139 m 3 /s (2200 gpm) to 0.278 m 3 /s (4400 gpm) . This results from the 
increased frictional losses encountered at higher fuel circulating rate, 
which negate any gain in the heat sink capacity provided by the additional 
mass of liquid fuel. In either case, the minimum pressure required to keep 
the methane fuel a saturated liquid at the end of the return line, will depend 
on the inlet temperature of the liquid fuel fed into the distribution system. 
For example, if the inlet temperature of liquid methane at the supply line is 
set at -162°C (-259°F) , then the methane fuel returning to the ground storage 
areas will be around -160°C (-255°F) . At this terminal temperature, a pres- 
sure of 138 kPa (20 psia) is required to keep the methane fuel as saturated 
liquid. This saturated liquid is introduced into a vented storage tank and 
flashed back to saturation conditions at the storage tank pressure of 103 kPa 
(15 psia) . 

Based on the design constraints, the maximum design pressure of the liquid 
methane lines is set at 2137 kPa (310 psia) . This maximum pressure will be 
encountered during the peak fuel demand 0.278 m /s (4400 gpm), when as many as 
four aircraft might be refueling at the same time. Whereas, during the low 
fuel demand 0.139 m 3 /s (2200 gpm) or idle period, the liquid methane lines 
are subjected to a maximum pressure of 793 kPa (115 psia). The ground distri- 
bution system operating flexibility is ensured by a pressure control system 
that provides constant LCH, pressure to all the hydrants (19 gates) and 
fueler vehicle at San Francisco airport. Each hydrant will see a constant 
LCH. pressure of 276 kPa (40 psia). Allowing a pressure drop of 82.7 kPa 
(12 psi) through the hydrant valves and fueler vehicle, an aircraft interface 
pressure of 193 kPa (28 psia) is maintained when fueling at the design rate 
of 0.139 m 3 /s (2200 gpm). The aircraft tank nominal operating pressure is 
145 kPa (21 psia). 
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The pressure in the line is controlled by a back pressure regulator 
located at the storage area end of the LCH A return line. This valve is con- 
trolled 5 a pressurf sensor located at th£ last hydrant on the distribution 
line. As the back pressure regulator reaches the extreme of Xts 
control range, transfer pumps are either brought on -me or dropped off line, 
as required to maintain a constant LCH A pressure, faring the idle periods, 
one transfer pump remains on line to ensure the availability of liquid methane 
and to maintain constant supply pressure. 

9. 1.3. A PinP. material .- Depending on the required degree of subcooling, 
the cryogenic piping employed in the ground distribution system will encounter 
temperatures as Lv as -173°C <-279°F>. There are a large number o£ materials 
that are either acceptable or potentially acceptable £or construction of a 
liquid methane line. A detailed discussion and economic comparison of these 
materials is out of the scope of this study, however, a brief discussion of 
some of the important considerations in the selection of pipe mater 
presented below. 

A major problem from a material standpoint in t..e construction of a^ 
liquid methane pipeline is the loss of ductility exhibited by some materia s 
at low temperatures. Generally, metals that have a facer centered-cubic 
lattice, such as copper and aluminum, show no loss or ductility a ow 
temperatures. Members of the body-centered-cubic class, such as iron, wilL 
generally fail with limited ductility below a certain transition temperature 
range. Austenitic stainless steels have a face-centered-cubic ^ttice an 
therefore, have no ductile-brittle transition temperature. In other fe 
alloys, the transition temperature is lowered by reducing carbon conten or 
by increasing nickel content. 

In general, the following items must be considered in the selection of 
materials for liquid methane pipelines. 


• Strength 

• r 

9 Resistance to crack initiation 

• Coefficient of thermal expansion 

• Weldability or joining 

• Minimum wall thickness permitted by the pipeline code 

• Surface friction factor 

• Thermal conductivity 

• Cost. 
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At Che present time, austenitic stainless steels, aluminum alloys, and 
nickel steels are the most suitable pipe materials. An extensive comparison 
of all the items listed above for different suitable pipe materials is 
reported in the literature (references 59 and 60) . Based on the conclusions 
reached in these previous studies, we have selected a 9 percent nickel steel 
as a pipe material for the liquid methane lines used in the ground distribu- 
tion system. 

Once the pipe size and pipe material are selected, an important factor is 
providing for thermal contraction by flexibility of the system. This thermal 
contraction is a result of the temperature range encountered, ambient to about 
-162°C (-259°F) in the liquid methane pipeline transfer operation. There are 
several methods of relieving the longitudinal thermal contraction of the line. 
For example, this can be accomplished by using either Invar (36 percent nickel) 
steel), expansion loops, or expansion joints (bellows) (references 54, 61 and 62). 

The major advantage of Invar over the other cryogenic pipe materials is its 
low coefficient of expansion, which is low enough to allow the use of Invar pipe 
without expansion loops or joints. But Invar is a very expensive material, and 
its use does not appear to be justified from economic considerations. 

The expansion-loop design for the liquid methane lines at San Francisco 
airport might require construction of a chamber to allow free movement of the 
loop piping. For a -25.4 cm (10— in.) line and a specified loop height of 
6.1m (20 ft) and loop width of 3.05m (10 ft), the number of expansion loops 
required for a 9 percent nickel steel might run as high as 26. Expansion 
loops are generally recommended for long distance 1608 km (1000 mi) and high 
pressure 6.90 mPa (1000 psi) cryogenic pipelines. Considering the ground fuel 
distribution system at San Francisco airport, which contains approximately 
4.8 km (3 mi) of cryogenic pipeline and has a maximum operating pressure of 
approximately 2.07 mPa (300 psla) , the use of expansion loops may be imprac- 
tical. Moreover, construction of chambers to allow free movement of the loop 
piping along the airport fuel distribution line might complicate the layout of 
the ground fuel distribution system. Therefore, expansion loops are not a 
suitable method of relieving axial stresses in the conceived ground fuel dis- 
tribution system 

In-line expansion joints of stainless steel bellows construction are 
available for cryogenic service. For short distances 16.1 to 24.1 km (10 to 
15 mi or less) , where the liquid methane line is operating at or around a pres- 
sure of 2.07 mPa (300 psia) , the use of bellows is justified due to the possi- 
ble greater maximum deflections of the expansion joints at this pressure. A 
maximum axial deflection of 2.94 in. is obtained for a 6-convolution, Tube- 
Turns, Serial R bellows joint operating at a pressure of 2.07 mPa (300 psia). 

The approximate longitudinal contraction for a temperature drop from 15.5°C 
to -162°C (60°F to -259°F) would be 167 cm/km (107 in. /mi) for 9 percent nickel 
steel. Since the total length of cryogenic fuel line is approximately 4.8 km 
(3 mi) , the total longitudinal contraction in each liquid fuel line is esti- 
mated to be about 815 cm (321 in.). 
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To compensate for this longitudinal contraction, approximately 110 expansion 
bellows are required for each liquid methane fuel distribution line. The 
liquid methane line using expansion joints (bellows) only would have the 
bellows located in the line back-to-back as shown below. 



where, 

x = intermediate anchor 
-WV* = expansion joint 

Figure 141 shows details of a possible expansion joint, anchor, and 
concrete enclosure. 

9. 1.3. 5 Pipe thickness calculation.- The design pipe wall thickness of the 
liquid methane lines is calculated from the allowable design stress. For the 
majority of the materials, the USASI B31.1 allowable stress corresponds to 
approximately 60 percent of Specified Minimum Yield Strength (SMYS) 

(reference 59). The only exception is 9 percent nickel, which has an allow- 
able stress equal to 50 percent of SMYS. 



Figure 141. - Expansion joint with concrete enclosure. 
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( 5 ) 


The approximate thickness of the pipe is calculated by the following 
equation: 


P 1 X 00 
2 X 0.5 X S 


where, 

t =* Pipe wall thickness, in. 

■ Internal pressure, psi 

Do » Outside pipe diameter, in. 

S 53 Specified minimum yield strength (0.5S = allowable design stress). 

The minimum specified yield strength for 9 percent nickel steel may be 
taken as 414 MPa (60 000 psi) . If the maximum operating pressure of the 
liquid methane fuel line is taken as 2.14 MPa (310 psi), then the design 
thickness of the pipeline will be 0.13 cm (0.052 in.). Ibis design thickness 
is considerably below the least nominal thickness of 0.25 cm (0.104 in.) 
specified in ANSI B31.8 for a 25.4 cm (10-in.) nominal size pipe. Therefore, 
the actual thickness of the pipe used in the liquid methane line should be 
0.26 cm (0.104 in.) . 

9.1. 3.6 LCH ^ transfer method. - The methane fuel transfer method considered 
in our study is similar to the LH 2 transfer method, proposed in a previous 
study. In this proposed transfer method, liquid pumps are employed to move 
methane fuel on an uninterrupted basis from the storage tanks through the 
distribution lines. The rationale for selecting a pump- fed system is pre- 
sented in the LH« fuel study referred to above (reference 5) . In order to 
compensate for the poor reliability and demand flexibility of transfer pumps, 
multiple units are provided in the system. Each of these units is a four- 
stage, two-speed, cryogenic pump. According to J.C. Carter Company, this 
pump, when operating at higher design speed, will be capable of delivering 
0.278 m 3 /s (4400 gpm) of liquid methane at a differential head of 2.55 MPa 
(370 psi) (reference 63) • The approximate horsepower requirement at this 
flow rate will be around 933 kw (1250 hp) . At the lower speed, the same 
pump will be capable of delivering 0.139 m / s (2200 gpm) of liquid methane 
with a corresponding differential head of 655 kPa (95 psi) . The horsepower 
requirement at this low flow rate operation amount to approximately 276 kw 
(370 hp) . Thus, each of the variable speed pumps is capable of fueling a 
single aircraft at the lower design flow rate 0.139 m^/s (2200 gpm), whereas, 
the higher flow rate 0.278 m^/s (4400 gpm) has the capacity to fuel two air- 
crafts simultaneously. These are submerged motor pumps, which are mounted in 
a suction pot, thus, avoiding the net positive suction head (NPSH) require- 
ment. Moreover, these pumps are close-coupled to the storage tanks to mini- 
mize heat leak into the suction pot piping. The close— coupled configuration 
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limits flexibility to the extent that a pump can be utilized only to withdraw 
LCH 4 from the storage tank to which it is mated. In normal conditions, all 
fueling operations are supplied from one storage tank. Thus, all three 
storage tanks require a set of liquid pumps so that all may provide fuel 
distribution. At the design peak, four aircraft may require fuel simulta- 
neously. Thus, two variable speed, multistage pumps are required per storage 
tank. This provides 100 percent pump capacity redundancy during normal 
operation (two aircraft fueling). However, during peak periods, a pump 
outage will require that one of the reserve storage tanks be brought on line 
to provide sufficient pump capacity. 

9. 1.3 . 6 Trade-off analysis, truck versus pipeline transport .- As the volu- 
metric energy content of LCH 4 21.2 MJ/liter (76 132 Btu/gal) exceeds that of 
LH2[8.51 MJ/liter (30 550 Btu/gal)], the trade-off analysis concerning truck 
versus pipeline transport for LH 2 in the previous study is not directly 
applicable to the transport of LCH 4 . Essentially, the LH 2 study showed that 
the breakdown distance for truck versus pipeline transport was 80.5 km 
(50 mi) , figure 142 (reference 5) . The transportation distance is the dis- 
tance that the liquefaction unit is located away from the airport. 
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Figure 142. - Cost of LH 2 transport by pipeline, truck, and rail tank car. 
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Based on the LH 2 analysis and the energy content differences of LH 2 and 
LCH 4 , the number of LCH 4 trucks required to meet the aircraft fuel demand 
schedule as a function of one-way trip distance is presented in table 61. 

Each trailer can carry 51,100 liters (13 500 gallons) of LCH 4 . 

If the LCH 4 is transported by truck, there are additional components 
that must also be accounted for. These include a maintenance building for 
the fleet of vehicles, filling stations at both the liquefaction and airport 
sites, and changes in storage tank configuration. That is, if the lique- 
faction plant is remote to the airport, then two sets of storage tanks are 
required at each site. The total storage capacity requirements do not change, 
but rather, there is an economic penalty for a loss in the economies of 
scale for LCH 4 tankage, figure 133. Rather than provide three tanks, each 
with a capacity of 42 130 m 3 (265 000 bbl) , as in the case of LCH 4 pipeline 
distribution, two tanks, each with a capacity of 31 780 m 3 (200 000 bbl), 
must be provided at the liquefaction site and the airport terminal. The new 
storage configuration results in a direct cost increase of $800 000 , which is 
attributable to the truck transport system. In addition, fuel losses from 
truck transport exceed the fuel losses from pipeline distribution by about 
10 percent. The increase in fuel losses (due to boil-off during loading/ 
unloading and transport by truck of the LCH 4 ) would require a 10 percent 
increase in the design liquefaction capacity relative to the pipeline dis- 
tribution system. Accounting for these modifications to the ground distri- 
bution system, the costs attributable to truck transport of LCH 4 are presented 
in table 62. 

For long-distance transmission of LCH 4 , the principal changes in cost 
of the distribution system result from ( 1 ) increased pipeline costs, 

( 2 ) additional pumping capacity for the supply and vapor return lines, and 

(3) cooling stations to maintain the LCH 4 in the liquid phase regime 
(reference 61) . The costs attributable to pipeline transport of LCH 4 are 
presented in table 63. 

Based on the information of tables 62 and 63, figure 143 was constructed. 
The figure shows that if the liquefaction site is more than 27.8 km (15 mi) 
from the airport truck transport would be less costly than pipeline transport. 


TABLE 61. - LCH 4 TRAILER TRUCK REQUIREMENTS 


One-Way Distance, km (miles) 

Number of Trailers 
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(5) 
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TABLE 62. - COST OF TRUCK TRANSPORT OF LCH. 
4 
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Storage (Change) 

0 

1.2 

1.2 

1.2 

1.2 

1.2 

Liquefaction (Change) 

8.5 

8.5 

8.5 

8.5 

8.5 

8.5 

Building 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

Filling Station 

0.3 

0.6 

0.6 

0.6 

0.6 

0.6 

Vehicles 

1.6 

1.6 

1.7 

2.0 

6.2 

9.8 

Total 

11.6 

13.1 

13.2 

13.5 

17.7 

21.3 

Operating Costs 







Liquefaction 1 ’ (Change) 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Vehicles 

2.0 

-ma 

U 

2^ 

i£ 

Li 

Total 

3.0 

H 

3.2 

3.5 

5.6 

8.4 

Liquefaction plant is located inside airport, but trucks are used to fuel aircraft directly. Tankage configuration I 

is similar to pipeline concept and only one filling station required. 




Cost of fuel gas taken at $3/million Btu. 







TABLE 63. - COST OF PIPELINE TRANSPORT OF LCH. 

4 
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Trenching System* 

5.8 

5.8 

5.8 

5.8 

5.8 

5.8 

Pipeline System 
Compressor/Pumping 

1.8 

2.2 

3.4 

5.0 

17.8 

33.8 

Capacity 
Cooling Units* 

0.1 

0.1 

0.5 

1.0 

5.0 

10.0 



1.0 

2.0 

10.0 

20.0 

Total 

7.7 

8.1 

10.7 

13.8 

38.6 

69.6 

Operating Costs 







Pipeline 

6.4 

0.4 

1.6 

2.0 

8.6 

16.5 

* In airport only. Long distance transmission is aboveground. 

* Approximately 1 cooling unit per 9.26 km (5 mi) of supply line. 
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Figure 143. — Average cost of LCH^ transput*. 

9. 1.3. 7 Results. -The results of the analysis of the disti .‘ration system are 
that the leastcost distribution concept is the pipeline : libution concept, 
unless the liquefaction facility is located at a distance greater than 27.8 km 
(15 mi) from the airport. In addition if truck transport v-re used exclusively 
surface traffic would be excessive and there would be no vent recovery. 

F.urther, review of the appropriate safety standards for design of liquefied 
natural gas facilities have not resulted in any modification to the proposed 
pipeline distribution concept (reference 30). 

9.1.4 LCH ^ processing requirements .- The method of this task included a 
review of typical pretreatment processes to remove water, acid gases, and 
heavier hydrocarbons from the feed stream; contact with process designers 
to determine the requirements for pure LCH^ production; and literature and 
patent reviews to determine processes for subcooling and gelling LCH^ . 

9. 1.4.1 Feed gas pretreatment .- Liquefaction of natural gas requires process 
temperatures as low as -162°C (-260°F) . Any constituents of the inlet gas 
stream that may become solid at these temperatures must be removed to the 
extent that they will either remain in solution in the LCH/ + or be of such low 
concentrations as to create no significant fouling or plugging problems. 

The two constituents typically found in natural gas from a distribution 
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pipeline that must be reduced in concentration are water (H 2 O) and carbon 
dioxide (CO 2 ) and, in some cases, small amounts of H 2 S (reference 63). Typi- 
cal feed gas specifications for natural gas liquefaction include: 

50 ppm (v) for CO 2 , and 1 ppm (v) H 2 O. 

Any heavier hydrocarbons present must also be removed prior to entering the 
cryogenic heat exchanger. The most frequently used pretreatment processes 
are summarized below and are included in the discussion of commercially avail- 
able liquefaction processes in Appendix A. 

APCI Phillips Pritchard 

MEA Amine Treater DEA 

Molecular Sieve Molecular Sieve Molecular Sieve 

Condensate Side Heavier Hydrocarbons Condensate Side 
Stream Removal Draw From Ethylene Stream Removal 

Section 

9. 1.4. 2 Production of pure methane: substitute -natural gas. - If the feed 

stream for the liquefaction plant is substitute natural gas, it will consist 
of methane (CH 4 ) , carbon monoxide (CO) , carbon dioxide (CO 2 ) hydrogen (H 2 ) , 
and nitrogen (N 2 ) . Although none of the existing liquefied natural gas facili- 
ties have liquefied SNG, liquefaction of SNG is not expected to cause any 
unusual problems. The CO 2 can be removed in the pretreatment process. The 
resulting gas stream can then be refrigerated down to the boiling point of 
CH 4 . As the boiling points of CO, H 2 , and N 2 are lower than that of CH 4 , the 
LCH 4 can be drawn off with only trace amounts of the other constituents. The 
vapor stream consisting of H 2 , CO, and N 2 could then be utilized as fuel sup- 
plement to the liquefaction facility. 

In the case of SNG, all refrigerant makeup requirements, such as ethane, 
propane, butanes, and pentanes would have to be purchased from outside vendors 
and stored at the liauefaction facility. 

Natural Gas: The front end processing (pretreatment) of natural gas 

will remain unchanged, irrespective of the desired product. LNG or pure 
liauid methane (references 64, 65 and 66 ). However, in the case of liquid 
methane production from a natural gas feed, a distillation column (demethan- 
izer) will be supplied in the cryogenic section of the liquefaction plant. 

In general, the operation of a pure liquid methane production plant can be 
briefly described as follows (reference 67 and 68 ) . 

The natural gas feed after necessarv pretreatment is chilled to -37.2°C 
(-35°F) . About half the recoverable heavier hydrocarbons are condensed at 
this point. They are seoarated from the balance of the feed gas and pumped 
to the demethanizer. The remaining vapor is further cooled to between 


Acid-Gas Removal 

Dehydration 

Heavy Ends Removal 
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approximately -92.8°C (-135°) and -95.6°C <-140°F) . At this stage, nearly 
99 percent of the propane and practically all the butane and other heavier 
hydrocarbons, if present, are condensed with the ethane. This partially con- 
densed feed gas enters a separator and the vapors (nearly pure methane) from 
the separator are sent to a final stage of refrigeration, while the liquid is 
warmed against the feed vapor and pumped to the demethanizer tower. Operating 
conditions of the demethanizer are controlled to permit the stripping of suf- 
ficient methane from the bottoms liquid to reduce the loss of methane fuel, 
while minimizing ethane leakage in the column overhead vapor. 

If the demethanizer operates at about 3.45 MPa (500 psi, -140°F) , ethylene 
can be used as the overhead condenser coolant and condensing propane as the 
main heating medium for the reboiler. This will significantly cut refrigera- 
tion horsepower needs and plant operating costs (reference 68). The over- 
head methane vapors will be further cooled in the final stage of cryogenic 
heat exchangers. The liquid product exiting the cryogenic heat exchanger 
is essentially pure liquid methane, is throttled down to the storage tank, 
and is transferred to the fuel storage subsystem. The bottoms liquid from 
the demethanizer can be further fractionated into pure propane or ethane 
fractions (and sold as byproducts), or else, burned to supply the fuel 
requirements of the liquefaction plants (references 70, 71, and 72) . 

Subcooling: The amount of subcooling desired to optimize the tradeoff of 

boil-off from aircraft fuel tanks as the airplane climbs to high altitude vs. 
system cost, depends on the aircraft fuel tank design pressure. The LCH 4 boils 
off until the liquid temperature is lowered to the corresponding saturation 
temperature at the pressure of the particular altitude level. To prevent this, 
either the tank pressure must be increased on the LCH 4 may be subcooled to a 
point where its vapor pressure is below the ambient pressure (reference 73) . 

The extent of boil-off from the aircraft fuel tank, during the aircraft 
climb schedule was estimated as a function of subcooling and aircraft fuel 
tank design pressure, figure 144. The cruising altitude for the subsonic 
aircraft was assumed to be 9754 m (32 000 ft) for purposes of this exercise, 
and the ambient pressure corresponding to this altitude was taken as 
27.6 kPa (4 psia) . As mentioned earlier, the LCH 4 boils off during the time 
from takeoff until the cruising altitude is reached. At the cruising 
altitude, a new saturation pressure and temperature will be established, and 
the LCHa will come in equilibrium with the vapor. This is the amount of 
vapor produced, due to the reduction in atmospheric pressure with the 
increasing altitude. The vapors that might be produced by the atmospheric 
frictional heating, are not included. The amount of vapor produced by the 
frictional heating will be very small when compared with the vapor produced 
by ambient pressure reduction. 

As shown in figure 144, increasing the aircraft fuel tank pressure 
from 20.7 to 82.7 kFa (3 psi to 12 psi), reduced the LNG boil^off from 
7.1 percent to 1.0 percent, without any initial subccoling. The figure 




Figure 144. - LCH^ boil-off vs. LCH 4 temperature 
and aircraft tank design pressure. 


also shows that, to eliminate boil-off entirely, with an internal tank 
pressure of 20.7 kPa (3 psi) , the fuel would have to be initially subcooled 
-7.2°C to -172°C (19°F to -278°F) . Maximum subcooling is limited to 
-183°C (~297°F) , the normal freezing point of methane (reference 54). 

Subcooling the LCH^ would require additional refrigeration horsepower. 

An estimate of additional refrigeration horsepower required at various ini- 
tial subcooling levels is presented in figure 145 (reference 74). The bulk 
of the additional horsepower requirement goes for supplying the initial sub- 
cooling. For example, approximately 140 kw (188 hp) are required in addi- _ 
tional refrigeration work to subcool liquid methane at 25.3 kw (-259°F) by 1°F. 
Whereas, the increased horsepower required to pump LCH^, when the aircraft 
tank pressure changed from 20.7 to 82.7 kPa (3 psi to 12 psi) is only 
25.3 kw (34 hp) . 

This subcooling of LCH 4 , if required, can be accomplished by providing 
a final stage of heat exchange with liquid nitrogen (reference 75). 
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Figure 145. - Refrigeration horsepower requirements for subcooling. 


If the "LCH^ were to be stored as a subcooled liquid, an inert pressurant 
gas (i.e. , helium) would be required to maintain a positive pressure in the 
LCH 4 storage tanks as the vapor pressure of subcooled LCH^ is below atmos- 
pheric (reference 73) . This condition would develop a vacuum in the storage 
tank that could cause a tank roof failure. Rather than store the LCH^ as a 
subcooled liquid, the subcooler could be placed between the storage tanks 
and the distribution system. In this manner, the LCH 4 would be stored as a 
saturated liquid without requiring any modifications to the LCH 4 tankage sys- 
tem. However, location of the subcooler after the storage tanks would result 
in constant recooling the LCH 4 that is circulating through the distribution 
system. Depending on the degree of subcooling required, two separate sub- 
coolers could be required. That is, one subcooler to subcool the LCH 4 down 
to the required temperature, and then another subcooler to compensate for the 
-2. 2°C (4°F) temperature rise in the LCH 4 due to heat gain and fluid friction 
in the distribution system. The concept is depicted in figure 146. In this 
manner, the advantages are that ,the storage system does not need to be pres- 
surized by an inert pressurant and the extensive refrigeration horsepower 
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Figure 146. - Subcooling concept. 

required for initial sub cooling. is limited to only the flow rate of the 
LCH^ consistent with the aircraft fuel demand schedule rather than constant 
total subcooling of the recirculating LCH 4 in the distribution system. 

Further, since the conceptual subcooler is primarily an .No coil immersed 
in an LCH 4 bath, the three sets of variable speed multistage pumps required 
with subcooling before storage are reduced to two sets (one after each sub- 
cooler) . However , three single speed pumps would be required to deliver the 
LCH^ from storage to the initial subcooler. 

The principal disadvantage of this concept would be the extensive control 
system and instrumentation required to ensure LCH 4 feed from the initial sub- 
cooler to the distribution system consistent with the draw by the LCH. air- 
craft. However, if the LCH 4 were subcooled prior to injection into storage, 
an extensive control system and instrumentation would also be required to 
maintain the appropriate pressure with an inert pressurant during the com- 
„ Plete cycle of storage from empty to full. Therefore, the primary difference 

* between subcooling the LCH 4 either before storage or prior to entering the 

distribution system is that the need for pressurized storage is eliminated 
w ith the initial subcooler located after the storage system. 

„ ihe required trade-off analysis to determine the appropriate degree of 

subcooling involves evaluating the cost incurred in increasing the aircraft 
LGH 4 tank design pressure relative to the increased costs of decreasing boil- 
orf by subcooling. The costs of subcooling as a function of degree below 
-162 C (-259''F) are estimated in Section 9.5. 
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Subcooling of LNG is not a common practice in LNG production and handling 
operations. To this date, there has been no attempt made to subcool LNG in 
large quantities. But, at the same time, we do not see any technical barrier 
to the use of a liquid nitrogen heat exchanger subcooler. The liquid methane 
fuel subcooler, in its simplest configuration (figure 147), will consist of a 
spiral wound coil, through which liquid nitrogen is passed (reference 75). 

This liquid nitrogen-carrying coil is submerged in the saturated LCH 4 , which 
is contained in the subcooler. The saturated LCH 4 entering the subcooler 
exits as a subcooled liquid and is sent to the distribution system. The 
normal boiling point of liquid nitrogen is well below the freezing point of 
liquid methane, thus, requiring a controlled liquid nitrogen flow, through 
the subcooler, to avoid freezing of the LCH^. 


As previously mentioned in conjunction with the LCH 4 ground system 
storage tanks, the vapor pressure of subcooled LCH 4 will be below atmospheric, 
which would result in a vacuum inside the tanks. This same condition applies 
to the aircraft fuel tanks. If subcooled LCH 4 is utilized as aircraft fuel, 
a suitable pressurant that is as insoluble as possible in LCH 4 is required. 
Pressurants that have been considered include nitrogen, helium, warm methane, 
and hydrogen (reference 73). 


Nitrogen is undesirable because of its high solubility (about 5 percent 
by weight in liquid methane subcooled 9.4°C (17°F). This high solubility of 
nitrogen can create an intolerable weight penalty. Helium is a possible 
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Figure 147. - Liquid N£ sub cooler. 
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pressurant because its solubility is very low. Warm methane gas is another pos 
sibility as a pressurant, but mixing and the subsequent heat transfer from the 
warm gas to the subcooled liquid fuel might result in the condensation of 
some of the gas, thereby, causing a rapid reduction in the tank pressure. 
Hydrogen gas might also be used as pressurant, but is difficult to contain 
and could present a safety hazard. Of the possibilities mentioned, helium 
would be the most satisfactory pressurant. If a flexible membrane can be 
devised to separate the LCH 4 from the pressurizing gas, air (with its moisture 
and carbon dioxide removed) should be a satisfactory pressurant. 

Another method for making use of soluble or condensable pressuring gases 
is to reduce the area of gas in contact with the liquid methane. This can be 
achieved either by covering the liquid surface with floating objects, such as 
balls, or a full tank can be pressurized using a standpipe. These methods 
will expose only a small area to the pressurizing gas. A detailed discussion 
of different techniques employed in handling sub cooled liquid methane fuel 
is presented in NASA technical memorandums (references 7, 76, 77, 78, and 79). 

While raising the minimum tank pressure reduces the total boil-off, it 
does not stop the boil-off at altitudes lower than the altitude equivalent 
of the tank pressure. If it is possible to compensate for the weight penalty 
incurred in pressurizing the tanks at 101.4 kPa (14.7 psia) , the boil-off due 
to higher amibent pressure reduction, could be eliminated with no initial 
sub cooling. The boil-off that would occur at this point would be the result 
of only atmospheric frictional heating. A reasonable subcooling (i.e., less 
than 2 . 8 °C (5°F) of the liquid methane fuel should compensate for this 
atmospheric frictional heating, so that the boil-off is eliminated over the 
entire flight. 

Gelled LCH 4 : The concept of gelling methane has been studied specif i- 

cally in connection with the use of liquid methane as an aircraft fuel 
(reference 80). Gelling the LCH 4 can reduce the solubility of pressurant gas 
in LCH 4 to an extent where nitrogen or air can be used without causing any 
excessive weight penalities. 

Research programs are under way at Aerojet Liquid Rocket Company, 
Sacramento, California, to determine the suitability of using gelled methane 
as a fuel for a jet engine. The overall conclusions reached during the course 
of the Aerojet study are presented below: 

1. Gelation of liquid methane with either water or methanol particles 
provides a satisfactory method to reduce the rate of nitrogen absorp- 
tion in subcooled liquid methane to an insignificant value. Less 
than 1.5 weight percent of methanol is sufficient to reduce the 
nitrogen absorption rate to an insignificant value. 

2. The increased specific fuel consumption will not be excessive due 
to the gelant required. 

3. Gelled liquid methane is storable for periods exceeding 100 hours 
near the normal boiling point of liquid methane. No significant 
gel structure degradation occurs during this time span. 
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4. The gels can be transferred through properly designed heat exchangers 
at comparatively high flow rates 4.5 kg/hr, (10 lb/hr) without clog- 
ging by proper selection of the operating conditions. Formation of 
methane hydrates does not appear to be a problem in the heat 
exchanger. 

Summary of Results : In Section 9.1, the overall objective was to develop 

the conceptual LCH 4 ground system components. In order to proceed with the 
analyses, certain input assumptions with regard to boil-off losses in the 
distribution and storage system were made. As a result of the previous 
analyses, the actual boil-off losses are now determinable and are used to 
identify major changes in the conceptual ground system components. In addi- 
tion, in this summary, the aircraft efficiency factor, which was determined 
concurrently in the design of the LCH^ aircraft, is used to identify modi- 
fications to the conceptual ground system. 

Ground System Boil-Off Losses: There are four sources of boil-off in 

the conceptual ground system. These are heat gain in the distribution system, 
heat gain in the storage system, and flash losses due to the pressure differ- 
ence in the distribution and storage systems as the LCH 4 is circulated from 
storage through the distribution system and then back to storage, and vapor 
losses during the filling of the LCH 4 storage tanks from the liquefaction 
facility. 

The temperature rise of the LCH 4 in the distribution system has been 
calculated as 2.2°C (4°F) . (See Section 9.1.3.) Consequently, the maximum 
exit temperature of the LCH 4 from the distribution system back into storage 
is -159°C (-255°F) . As the operating pressure of the distribution system 
exceeds the vapor pressure of the LCH 4 throughout the distribution system, 
boil-off in the distribution system is zero. 

Because of the difference in the pressure of the distribution system 
and the storage system, flash-off of the LCH^ upon return to storage is 
expected to occur. The maximum expected flash losses were calculated based 
on a distribution system discharge pressure of 138 kPa (20 psia) and a 
storage system pressure of 103 kPa (15 psia) . The temperature of the LCH 4 
entering storage from the distribution system is -159°C (-255°F) . Under 
these conditions, 0.92 percent of the returning LCH 4 would flash to vapor. 
During the off-peak aircraft LCH 4 demand period, 0.139 m 3 /s (2200 gpm) of 
LCH 4 are constantly recirculating in each line of the distribution system. 
Therefore, the total annual quantity of flash vapor produced during the 
11-month off-peak period upon return to storage is 31.3 x 10 ^ kg/yr 
(69 million lb/yr) . During the peak aircraft LCH 4 demand period of 31 days, 
each line of the distribution system is operating at 0.278 m 3 /s (4400 gpm) 
for about 6 hours each day and at 0.139 m 3 /s (2200 gpm) for 18 hours each 
day. The resultant flash vapor produced from the distribution/storage 
return interface during the peak demand period is 3.3 x 10° kg (7.3 million 
lb/yr) . During a peak demand hour the quantity of flash vapor produced is 
11,440 m 3 /hr (404 000 SCF/hr) . 
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Heat gain in the storage system is estimated to result in a maximum 
boil-off rate of 0.05 percent per day. As the total storage capacity of the 
ground system is 126 400 m3 (795 000 bbl) ( 10 . 1 . 2 ), the total annual boil-off 
from heat gain in the storage system is 4.85 x 10 ^ kg (10.7 million lb/yr) 
assuming that on the average the storage system is half full. The maximum 
daily storage system boil-off would be 25,595 kg (58 630 lb) equivalent to 
1643 nr /hr (58 000 SCF/hr) . 

The quantity of vapor produced upon filling the LCH^ storage tanks from 
the liquefaction facility is calculated as 2.34 kg/yr (5.2 million lb/yr) 
based on the LCH 4 production capacity of 1.62 x 10^ kg/day (3.58 million 
lb /day) for 340 days each year (Section 9.1.1), pressure differentials of 
13.8 kPa (2 psia) at the storage tank/liquefaction facility Interface, and 
an initial LCH 4 temperature of -159°C (-257°F) . The maximum hourly flash 
vapor produced by filling the storage tanks is therefore 15 000 SCF/hr) . 

The results of the above calculations are summarized in Table 10-16. 
Starting with an annual quantity of 519 x 106 kg/yr (1144 million lb/yr) 
of LCH 4 to be loaded into the aircraft fuel tanks and adjusting for vapor 
losses, the liquefaction facility must produce 2.46 x 10 ^ m3/day-(85.8 mil- 
lion SVF/day) . The initial assumptions in the analyses of Section 9.1 
resulted in an expected liquefaction capacity of 2.41 x 10 ^ m3/day 
(85 million SCF/day). Consequently, the initial assumptions resulted in an 
error of less than 1 percent. Therefore, no modifications to the previous 
analyses are warranted. 

The conceptual ground system is depicted in figure 147. The concept 
is shown with the initial subcooler and cooler. If subcooling is not required, 
the LCH^ would simply cycle from storage through distribution and back. 
Depending on the type of gas feed (natural gas or SNG) , products will result 
from the liquefaction of the feed to pure LCH4 that can be used as either 
fuel gas or refrigerant makeup. Boil-off of LCH4 to CH4 in the system will 
be either reliquefied or used as fuel gas depending on the quantity of vent 
gas relative to the total system fuel gas requirements. (Refer to 
Section 9.4.) The air separation plant will be required to produce LN£ 
for subcooling. 

Defueling of an aircraft would be accomplished on an apron near the 
ground system storage facilities so that the LCH 4 could be placed directly 
into storage (reference 5). Vent CH^ from the aircraft during fueling 
operations will be collected in a vent gas distribution system and will 
either be reliquefied or used as plant fuel. 


9.2 Assessment of the Ground System Operating Procedure 

Provided in the following paragraphs is a description of the liquefaction 
and storage subsystems of the LCH 4 ground system such that personnel require- 
ments can be delineated. This includes a description of the generic ground 



TABLE 64. - SUMMARY OF ACTUAL VAPOR LOSSES 
IN CONCEPTUAL SYSTEM, KG(LB)/T? 


Annual Quantity of LCH^ to be Loaded 

519X10^ 1 144 X 10® lb/yr) 

Distribution System Losses 

Heat Gain 

0 

Circulating Return to Storage Flash 

Peak Demand Period 

3.3 XIO 6 ^ X 106 lb/yr) 

Off-Peak Period 

31.3 X 10**8 59.0 X 10® lb/yr) 

Storage System Losses 

Heat at 0.05%/day 

4.85 X 10$ <3 '9.7 X 10® lb/yr) 

Flash into Storage 

2.36 X 106*s SIX 1<)6 lb/yr) 

Annual Quantity of LCH^ to be Produced 

561 X 106*3 '236.2 X 10® lb/yr) 

Operating Days of Liquefaction Facility 

340 days/v'r 

Daily Design Capacity of Liquefaction Facility 

1.65 X 10^ 3.34 X 10® lb/yr) 

1.65 X 106 kg (3.64 X 106 lb/day)= 

2.43 X 10*5 m 3 (85.8 X 10® SCF wy 



AIRCRAFT 


Figure 148. - Conceptual ground system. 
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system operating procedures based on the work presented in the Introduction. 
Determination of personnel requirements is based on the similarities and 
comparative size of the liquefaction and storage subsystems relative to 
operating LNG facilities. 

There are four primary operations of concern within the liquefaction and 
storage subsystems. They are (1) receipt of gas for liquefaction, (2) lique- 
faction, (3) storage, and (4) delivery of LCH 4 storage. 

Except for the scheduled downtime (25 days each year), the ground system 
is a continuous operation. Operations would be very similar to those of a 
baseload LNG facility with the exception of withdrawal of the LCH 4 from 
storage. Withdrawal of the LCH 4 from storage must be consistent with the 
aircraft fuel demand schedule. Providing for consistency between the aircraft 
fuel demand and the LCH 4 storage system will require additional instrumenta- 
tion at the LCH 4 hydrant fueler pits. That is, the operation of fueling the 
aircraft must be coordinated with the delivery of LCH 4 from the storage tanks 
into the ground distribution system. Although normal LNG operations would 
not require coordination of a discontinuous stochastic event such as aircraft 
fueling, instrumentation to coordinate the operation is available. It is 
expected that the coordination would require electronic communication between 
the LCH 4 fueler valves in the hydrant pits and the storage system pumps and 
also pressure sensors throughout the distribution system to monitor both a 
loss of LCH^ in the system (low-pressure sensor) and also an increase in 
operating pressure resulting from possible flashing (high-pressure sensor) in 
the LCH^ distribution system. Pressure monitoring of LNG distribution systems 
is typically employed when recirculation of LNG within the in— plant distribu- 
tion lines is used to avoid cooldown procedures. This type of operation is 
very similar to that employed in the LCH 4 ground system, where LCH^ is con- 
stantly recirculating through the ground distribution system. 

Due to the stochastics of the aircraft fuel demand, it is expected that 
the LCH 4 ground system would require two persons/shift to monitor fueling 
operations and instrumentation that coordinates the fueling operations with 
delivery of LCH 4 from storage. 

Typically, a baseload 28.3 x 10^ m-Vday (1 billion CF/day) LNG liquefac- 
tion facility will employ about 160 persons, including 96 operators, 

20 administrators, 32 engineering and maintenance personnel, and 12 supervisors 
(reference 81). Since 28.3 x 10° nrVday (1 billion CF/day) facility would 
typically include four liquefaction trains, the personnel requirements for the 
LCH 4 ground system are reduced to 25 percent of those for the baseload LNG 
system. A further reduction would not be warranted because normal operations 
for a single liquefaction train of 2.41 x 10 ° m-Vday (85 million SCF/day) are 
expected to require the same personnel as the operations for a single train 
of 7.08 x 10 6 m^/ day (250 million SCF/day). For example, lubricants on the 
turbomachinery for a single train must be checked on a relatively consistent 
bases regardless of the size of the train (reference 82). 
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Consequently, the total personnel requirements for the LCH 4 ground 
system (excluding those required for the hydrant fueler vehicle operations) 
are as follows : 


Operators 24 
Administrators 4 
Engineering and Maintenance 8 
Supervisors* 4 


As the coordination and monitoring of the aircraft fueling operations 
as previously mentioned would require two additional operators per shift, the 
total requirements is 48 persons to provide for continuous operation of the 
ground system. 


Operators 32 
Administrators 4 
Engineering and Maintenance 8 
Supervisors 4 


Each shift at the facility would comprise 12 persons based on a 44-hour 
work week and 2 weeks vacation per person. 

9.3 Evaluation of the Energy Consumption of the Ground System 

The overall energy consumption of the ground system depends on the 
feedgas composition available for liquefaction and the degree of subcooling 
required. Further, the energy consumption is also dependent on the inlet 
feedgas temperature and pressure. Therefore, the method involved first, 
estimating the energy consumption for the ground system based on a natural 
gas feed without subcooling; second, estimating the energy consumption for 
the ground system based on substitute natural gas feed without subcooling; 
third, estimating the effect of feedgas inlet temperature and pressure on 
energy consumption; and fourth, estimating the additional energy consumption 
as a function of degree of subcooling. 

9.3.1 Energy consumption of the natural gas feed ground system .- The concep- 
tual gas energy balance of the natural gas, feed-based ground system is nre- 
sented in figure 153. The liquefaction facility was estimated to require 
about 3.61 x 10 15 J/yr (3.427 trillion Btu/yr) of fuel gas. This is 10 per- 
cent greater than the fuel gas requirements for the substitute natural gas 
feed concept because of the need for a cryogenic distillation column to pro- 
duce LCH 4 rather than LNG. This quantity of fuel gas can be met from the 
propane and ethane that would be separated from the methane in the production 
of LCH 4 . After accounting for refrigerant makeup, the total quantity of 
natural gas that must be supplied as imput to the liquefaction complex to 
produce the required 519 x 10 6 kg/yr (li44 x 10 6 lb/yr of LCH 4 is 38.1 x 
1015 j/y r (36.13 trillion Btu/yr). Production of LCH^ from the natural gas 
feed will result in an excess quantity of 63.3 x 106 kg/yr (139.6 million 
lb/yr) of ethane. 

*A 25-percent reduction would be three supervisors; however, a minimum of 
four are needed to provide for continuous operation with about a 44-hour 
work week per supervisor. 
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Figure 149. - Natural Gas system energy consumption. • 

Electricity requirements for this ground system concept are presented in 
table 67. Total electricity requirements are estimated at 6258 kW. The 
electricity requirements for the boil-off compressor are based on a 933 kW 
(1250 hp) compressor/driver that would compress up to 14 160 m^/hr (500 000 
SCF/hr) (the maximum hourly boil-off rate) for reliquefaction (reference 93) . 
However, the compressor/driver would operate at an average annual capacity of 
55 percent. The electricity requirements are based on one set of the multi- 
stage two-speed pumps operating continuously to maintain the circulation rate 
of 0.139 m3/s (2200 gpra) in the two LCH 4 distribution lines except for the 
6 hours/day that the lines operate at a circulation rate of 0.278 m^/s 
(4400 gpra) during the peak month. The pumping requirements for cooling water 
makeup and water supply are based on cooling water makeup of 0.063 m^/s 
(1000 gpm), water makeup of approximately 0.0063 m 3 s (100 gpm) for steam 
generation, and cooling water for lube systems and packing glands at about 
0.00473 ra^ (75 gpm). Auxiliary lighting electricity requirements are taken 
from the previous Lockheed study (reference 5). 

9.3.2 Energy consumption of the substitute natural gas feed ground system . - 
The conceptual gas energy balance of the substitute natural gas feed based 
ground system is presented in figure 154. The liquefaction facility was 
estimated to require about 3.44 x 10^5 J/yr (3,264 trillion Btu/yr) of fuel 
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TABLE 65. - ESTIMATED ENERGY CONSUMPTION OF LCH, GROUND 
SYSTEM WITH NATURAL GAS FEED* 4 


Feed Gas Requirements, Btu/yr 
Electricity Requirements, kW 

38.08 X 10 12 (36.13 X 10 12 ) (HHV) 

Boil-Off Compressor 

492 

Distribution System Pumps 

558 

Cooling Tower and Water Supply 

3860 

Road and Exterior Lighting 

300 

Building Lighting and Space Conditioning 

750 

Subtotal 

5960 

Process Contingency (5%) 

298 

Total 

6528 

*Based on average daily liquefaction capacity of 1.65 X 10® kg (3.64 X 10®) day of LCH 4 and delivery 
of saturated LCH 4 to the aircraft. No sub-cooling. ^ 
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Figure 150. - Substitute natural gas system energy consumption. 
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gas. Of this quantity, approximately 0.464 x 10^ J/yr (0.440 trillion Btu/yr) 
can be made up from the H2 that will remain in the vapor phase as the SNG is 
liquefied to produce LCH4, due to the difference in the boiling points in H2 
and CH4. Therefore, an additional 2.98 x 10^5 J/yr (2.824 trillion Btu/yr) 
of SNG for fuel gas will be required. 

Furthermore, the quantity of SNG for liquefaction is 31.6 x 10 1 "* J/yr 
(29.959 trillion Btu/yr) that is 0.646 x 10 J5 j/yr (0.613 trillion Btu/yr) 
less than the natural gas feed concept due to the lower heating value of the 
SNG feedgas and greater mole percentage of CH4 in the SNG feedgas. Total 
feedgas requirement for the SNG- based concept is 3.46 x 1015 j/vr (3.278 
trillion Btu/yr) . 

Electricity requirements remain unchanged from the natural gas based 
concept. 

9.3.3 Effect of feedgas inlet conditions on fuel gas requirements .- In this 
study, the inlet temperature of the feedgas is assumed at 18.3°C (65°F) and 
the inlet pressure is assumed at 3448 kPa (500 psig) . The effect of the in- 
let temperature and pressure in the annual fuel gas requirements of the 
liquefaction cycle are presented in figure 155. A reduction in the inlet 
pressure of 40 percent and an increase in temperature to 26.7°C (80°F) would 
increase the gas requirements by about 6 percent. 

9.3.4 Energy consumption as a function of degree of subcooling. - Subcooling 
the LCH4 will directly affect the energy consumption of the ground system. 

The conceptual subcooling system was presented in figure 146. Essentially, 
the subcooling concept will require two subcoolers; one for initial sub- 
cooling and one for maintaining the subcooled LCH4 that is circulating in the 
distribution system at the subcooled temperature i.e., a cooler to compensate 
for the 2.2°C (4°) AT in the LCH4 as it circulates. 

Conceptually, both of these subcoolers would be LN2/LCH4 heat exchangers. 
Makeup quantities of LN£ would be supplied from an air separation plant 
including an N2 liquefier. Based on the heat capacities of LCH, and LN2 and 
an assumed exchanger efficiency of 80 percent, the quantity of LN2 . that would 
have to be supplied to the initial heat exchanger for an LCH4 flow rate of 
519 x 106 kg/yr (1144 million lb/yr) is presented in figure 156. As shown, 
the total quantity of LN2 required for each 2.8°C (5°F) of subcooling is about 
34 x 10^ kg (75 million lb). In addition to the LN2 required for the initial 
subcooler, the coolant required to compensate for the 2.2°C (4°) AT in the 
distribution lines would require about 27.2 x 10^ kg (60 million lb of LN2). 

The total quantity of LCH4 to be supplied to the aircraft will circulate 
through the distribution system approximately 7.2 times each year. Conse- 
quently, the air separation plant and N2 liquefier must produce approximately 
16.6 x 10 6 kg/yr (36.7 million lb/yr) of LN2 for coolant makeup. The total 
quantity, including 2.2°C (£°) AT coolant, of LN2 that must be supplied from 
the air separation plant and N2 liquefier each year is presented in 
figure 15 7. 
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QUANTITY OF LN 2 REQUIRED, 10 6 kg/yr 







SUBCOOLING BELOW -161.7°C 

Figure 153. - Quantity of makeup LN 2 required for 
LCH 4 subcooling. 


TABLE 66 . - EQUIPMENT REQUIREMENTS FOR SUBCOOLING CONCEPT 


Equipment 

Capacity 

Distribution 

System 

Cooler 

2.2QC (40 AT) 

Initial 

Subcooler 

Capacity 2.80C (5F°) 
Subcooling 

Air Separation Cold Box, m^ (SCF)hr 

.56 000 

10 000 

Forecooling Refrigeration Unit, kW 

645 

108 

N 2 Recycle Compressor, kW 

3 889 

648 

N 2 Centrifugal Feed Compressor, kW 

457 

76 

Air Plant Centrifugal Compressor, kW 

269 

45 

Cooling Water Makeup Pumps, kW 

521 

87 

Cooling Water Makeup, m^ s (gpm) 

0.0119(189) 

0.002 (32) 
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Figure 154, - Ground system electricity requirement as a 
function of subcooling. 

Based on the ‘air separation plant and N 2 liquefier concept presented in 
the previous Lockheed study (reference 5), subcooling of the LCH 4 would re- 
quire the additional equipment presented in table 68 . 

The total electricity energy requirements as a function of degree of 
subcooling are presented in figure 158. The electricity requirements in 
figure 158 also include the balance of plant requirements of 6258 kW. 

These results show that the annual fuel gas requirements for LCH4 ground 
system depend on the composition of the feedgas for liquefaction. For example, 
the natural gas feed requirements are 38,1 x 10^ kJ (36.13 trillion Btu/vr) 
(HHV) whereas the substitute natural gas feed requirements are 34.56 x 10*2 kJ 
(32.78 trillion Btu/yr) . 

Basic electricity requirements for the ground system are 6258 kW with 
no subcooling of the LCH^. However, subcooling of the LCH 4 by 11.1°C (20°F) 
would increase electricity requirements to almost 16,000 kW. 
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9.4 Estimate of the Capital and Operating Costs of the Ground System 

The capital and annual operating costs of the LCH4 ground system are 
dependent on the degree of subcooling required, the feedgas composition, and 
the cost of the feedgas. Therefore, the methodology employed in this task 
was first, to estimate the total plant investment, including working capital, 
for the ground system with no subcooling; second, to estimate the total plant 
investment as a function of degree of subcooling and feedgas cost, third, to 
estimate the total operating cost of the natural-gas-based ground system and 
the substitute-natural-gas-based ground system with no subcooling; and fourth, 
to estimate the total annual operating cost of the two feedgas-based ground 
systems as a function of degree of subcooling and feedgas cost. 

In addition, because the economic analysis to determine the most cost- 
effective number of liquefaction trains to be employed in the ground system 
concept required input information from Section 9.1 and 9.2, the trade-off 
analysis is documented here. 

9.4.I Economic trade-off analysis (number of liquefaction trains) .- Based 
on the information of 9.1, the major components of a propane-precooled 
liquefaction facility, i.e., a single train at 2.41 x 10 b m 3 /day (85 million 
SCF/day) design capacity, will result in a direct cost of $11 876 000. These 
costs include $6.5 million for the utility area. The direct cost of the 
major components of the liquefaction train are, therefore, $5 376 000. The 
direct cost of the major components is, however, only about 20 percent of the 
total direct cost of the liquefaction train. The other 80 percent includes 
piping and valves, control equipment, design of the cycle, and designer s 
burden and profit. Whereas the direct cost of the major components is the 
direct cost of the component manufacturers, the direct cost of the actual 
liquefaction plant will be the direct cost from the designer of the cycle. 
Similarly, the direct costs of the utility area are the direct costs of major 
components and only account for about 25 percent of the total direct cost of 
the utility area (reference 94 and 95). 

To estimate the cost of the liquefaction train as a function of train 
design capacity, a power factor of 0.9 was utilized. This factor is based on 
the actual costs of liquefaction trains ranging in design capacity from 
2.83 x 106 m 3 /day (100 million SCF/day) to 7.79 x 10 6 m 3 /day (275 million 
SCF/day) (references 53 and 96). As previously mentioned, train capacities 
of less than 2.83 x 10 6 m 3 /dav (100 million SCF/day) are not being designed 
for baseload LNG operations. The same power factor is also applicable to the 
utility area costs. The total direct cost per liquefaction train is presented 
in figure 159. 

Utilizing the costs as presented in figure 159, and direct costs for 
storage of $138/m 3 ($22/bbl) (direct cost from the designer and constructor), 
the total direct cost of the liquefaction and storage facilities for the SFO 
application was calculated as a function of liquefaction train capacity. The 
results, which are presented in figure 160, show that the single train 
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Figure 155. - Liquefaction train direct cost vs. 
design capacity. 

concept, 2.41 x 10 6 m 3 /day one train at 85.0 million SCF/day is the least- 
cost alternative relative to the multiple trains concept. Furthermore, the 
single train concept offers the same degree of reliability as the multiple 
train concept in that storage capacity is increased as train size increases 
to maintain a constant system reliability as calculated in 9 . 2 . 

9.4.2 Capital costs .- Unless otherwise specified, cost assumptions are as 
presented in Table 69. 

Utilizing information from Section 9.1, the major equipment and com- 
ponents of the LCH 4 ground system are summarized in Table 70. This table does 
not include equipment requirements for subcooling the LCH^, which were pre- 
sented in Table 68 . 

The total capital investment of the LCH 4 ground system, exclusive of 
capital required for subcooling the LCH 4 , is estimated at $104.5 million. 

See Table , 71. Of this total, about $4 million is attributable to the net 
receivables of product LCH^ (valued at $3. 00/million Btu) included in the 
working capital requirements. If the product LCH 4 is doubled in value, the 
total capital investment for the ground system increases by 3.8 percent. 
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Figure 156. - Total cost of liquefaction and storage as a 
function of number of liquefaction trains. 
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TABLE 67. - COST ASSUMPTION, LCH 4 GROUND SYSTEM 

• Investment includes all equipment costs except LCH 4 fueler/defueler trucks, fuel/defuei apron, utility right-of-way 
and pipeline to airport. 

• Land assumed available at no cost. 

• Cost of site preparation is included in LCH 4 liquefaction facility costs, 
i Costs are 1976 dollars. 

• Average LCH 4 operating capacity is 1.65 X 106 kg (3.64 million lb) day 

• Liquefaction plant operates 340 days per year. 

• Electricity costs are $0.025/kWhr. 

• Cooling water makeup costs are $0.0925/m3 ($0.35/1 000 gaf.) 

• Potable water makeup costs are $0.0145/m3 ($0.55/1 000) gal. 

• Propane costs are $0.1 3/kg ($0.059/lb) (Reference 96). 

• Ethane costs are $0.14/kg ($0.064/lb) (Reference 96). 

• Operating labor rate is $7.00/hr. 

• Administrative labor rate is $7.50/hr. 

• Engineering and maintenance labor rate is $ 1 1 .00/hr. 

• Supervisory labor rate is $30 000/yr. 

• Overhead costs are 60% of labor plus supervision. 

• Operating supplies are 30% of operating labor. 

• Maintenance supplies are 1 .5% of total plant investment. 

• Taxes and insurance are 1.5% of total plant investment. 


If the LCH 4 delivered to the aircraft is required to be subcooled, the 
total investment for the ground system will increase due to the need for an 
air separation plant to supply the requisite LN? makeup as calculated in 
Task 4 (figure 157). The estimated direct capital cost of the additional 
equipment required for subcooling the LCH 4 is presented in figure 161 and was 
estimated based on the air separation plant costs of the previous Lockheed 
study. The discontinuity in the graph, i.e., the substantial direct cost at 
0.55°C (1°F) subcooling, is associated with the initial requirements for a 
distrubtion system cooler to compensate for the 2.2°C (4°) AT in the distrubu- 
tion system. 

The total capital investment for the LCH 4 ground system as a function 
of degree of subcooling and as a function of feedgas cost, which affects net 
receivables, is presented in figure 162. At a feedgas cost of 2.85/GJ ($3.00/ 
million Btu), the total capital investment for the LCH 4 ground system ranges 
from $104.5 million to $140.2 million depending on the degree of subcooling 
required. At a feedgas cost of $5.69/GJ ($ 6 . 00/million Btu), the total capi- 
tal investment ranges from $108.5 million to $144,2 million. 




TABLE 68. - EQUIPMENT LIST OF MAJOR ITEMS: LCH^ GROUND SYSTEM 


Item 

No. Required 

Description 

1 

1 

Elliot 60M6 8 579 kW (11 500 hp) centrifugal compressor, LCH 4 
cycle 4.9 X 9.1 X 2.4 m (16 ft X 30 ft X 8 ft) 

2 

1 

Elliot 60M5 10 670 kW (14 300 hp) centrifugal compressor. LCH 4 
cycle 4.9 X 9.1 X 2.4 m (16 ft X 30 ft X 8 ft) 

3 

1 

Elliot 38MB6 8 579 kW (1 1 500 hp) centrifugal compressor, LCH 4 
cycle 4.6X7.62X3.1 m (15 ft X 25 ft X 10 ft) 

4 

2 

. 

Elliot 2SNV8DF condensing steam turbine, LCH 4 cycle 
4.9 X 9.1 X 2.7 m (16 ft X 30 ft X 9 ft) 

5 

1 

Elliot SRV80F condensing steam turbine, LCH 4 cycle 
4.6 X 7.62 X 2.4 m (1 5 ft X 25 ft X 8 ft) 

6 

1 

LCH 4 liquefied cold box, LCH 4 capacity 3.66 X 30.5 m 
(12 ft diameter X 100 ft) 

7 

3 

LCH 4 storage tank (265 000 API bbl) capacity 57.9 X 30.5 m 
(190 ft diameter X 100 ft) 

8 

2 

4-stage, two-speed, cryogenic pump 

9 

4877 m (16 000 feet) 

9% nickel steel, 25.4 Cm (10-inch diameter) LCH 4 distribution pipe 

10 

330 

Expansion bellows for distribution system 

11 

1 

Cooling tower, 2.8 m^/s (45 000 gpm) 25 X 53 X 18 m 
(82 ft X 175 ft X 60 ft) 

12 

1 

Boil-off compressor, 236 m3/s (500 000 SCF) hr, 895 kW 
(1200 hp) 3.05 X 4.57 X 1.83 m (10 ft X 15 ft X 6 ft) 

13 

1 

Maintenance building, 1394 m2 (15 000 ft2) 22.9 X 61 X 7.6 m 
(75 ft X 200 ft X 25 ft) 

14 

1 

Control room (1394 m2) (22.9 X 61 X 7.6 m) ' 
(75 ft X 200 ft X 25 ft) 

15 

1 

Office building, (502 m2) (18.3 X 27.4 X 4.6 m) (5400 ft2) 
(60 ft X 90 ft X 15 ft) 

16 

1 

Electrical substation and switchgear center, 28 000 kW 
(30.5 X 71.9 X 7.6 m) (100 ft X 235 ft X 25 ft) 

17 

1 

Utility area (i.e., steam boilers) 


9.4.3 Operating costs .- Unless otherwise specified, cost assumptions are 
as presented in table 69. • 

Based on the analyses of Section 9.1, 9.2 and 9.4, the annual opera- 
ting costs for the natural gas feed-based LCH^ ground system are $106.6 million 
without any subcooling (table 72). Refrigerant makeup and fuel gas for the 
natural gas based ground system are extracted from the natural gas feedstock 
such that additional refrigerant makeup or fuel gas is not required (fig- 
ure 163) . Although the substitute natural gas based system requires less feed- 
stock than the natural-gas-based system due to the greater mole percentage of 
CH^ in the SNG feedgas, refrigerant makeup and addtional fuel gas must be pur- 
chased. The annual operating cost of the SNG-based ground system with no sub- 
cooling is estimated at $105.5 million (Table 73). 
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TABLE 69. - EQUIPMENT LIST OF MAJOR ITEMS: LCH, GROUND SYSTEM 

4 


Component 

Total Direct Cost 
(1976$). 
S10 8 

Liquefaction Facility^ 

52.4 

Storage Facilities 

21.4 

Distribution System^) 

1U 

Total Plant Investment 

8503 

Interest During Construction^) 

15.3 

Working Capital ^ 

4.2 

Total Capital Investment 

104.5 

Notes: 


^ ) Includes liquefaction train, utility area, maintenance, and control buildings and 

cooling tower. 

® Includes piping, valves, pumps, bellows, boil-off compressor, trench, and hydrant 

pits. 

® At 12% interest rate on total plant investment and a 2-year construction period. 

^ Sum of 1 ) materials and supplies at 0.9% of total plant investment plus 2) net 

receivables of product LCH4 at 1/24 of annual delivered production at $3030/million 

Btu (HHV). 


The total annual operating costs of the LCH 4 ground systems as a func- 
tion of degree of subcooling and feedgas cost are presented in figure 163. 

The total annual operating costs of the natural gas feedstock-based ground 
system are increasingly higher at each level of feedgas cost due to the 
increased quantity of natural gas required to produce the required LCH 4 
relative to the quantity of SNG required. 

9.4.4 Results .- The results show that the total investment for the LCH, 
ground system ranges from $104.5 million to $144.2 million, depending on the 
cost of the feedgas, which affects net receivables included in working capital, 
and the degree of subcooling required prior to delivery of the LCH, to the 
aircraft. The total annual operating costs of the ground system range from 
$105.5 million to $329.0 million, depending on the feedgas composition, the 
cost of the feedgas, and the degree of subcooling required. 
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9.4.5 Additional costs for storing, distributing, and fueling of aircraft 
with LH o * LCH/j and Jet A. - The net cost of storing, distributing and loading 
fuel into the aircraft has been estimated for LH 2 and LCH^. The data for Jet 
A has been obtained from the actual operating experience of Lockheed Air Ter- 
minal, Inc. (LAT) at the San Francisco Airport. 

The additional or net cost is defined as the annual operating cost to 
perform the storing, distributing and loading functions excluding the capital 
cost of the basic liquefaction plant and also excluding the feed gas for 
liquefaction. In the case of LCH 4 the impact of feed gas on capital cost is 
illustrated in figure 162. 

Beginning with LCH 4 , the method used was to derive the capital investment 
costs from table 71. Working capital and interest costs were apportioned on a 
prorata basis according to the cost of the major elements constructed, lique- 
faction, storage and distribution. Operating costs were derived by the 
Institute of Gas Technology from table 73 and include labor, operating and 
maintenance, electricity and fueling vehicles. 

The results for LCH4 are: 

g 

LCH 4 Costs - 10 dollar 

Capital Annual Operating Cost „ 

Investment Operating Cost Capital Invest* * 


Storage 

26.3 

1.13. 

4.2 

Distribution 

13.8 

2.74 

19.8 

TOTAL 

40.1 

3.87 



For LH 2 the premise is taken that the percentage relationship between 
operating and capital cost, i.e., 4.2% and 19.8%, for storage and distribu- 
tion of liquid methane is also a valid relationship between LH 2 operating 
costs and capital investment for storage and distribution if both facilities 
are located at the same airport (with the same distances involved). That is 
the case here since both were sited at SFO. At the same time it should be 
pointed out that the total capital investment for the two complete facilities 
is greatly different, $340.4 million for LH 2 (reference 5) compared with 
$104.5 million for LCH 4 , (table 71). 
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The results for LH^ using the percentages shown above are: 

LH 2 COSTS - 10 6 DOLLAR 



Capital 

Investment 

Annual 

Operating Cost 

Operating Cost 0f 
Capital Invest ’ * 

Storage 

77.0 

3.23 

4.2 

Distribution 

31.8 

6.20 

19.3 

TOTAL 

108.8 

9.43 



Comparable costs for Jet A as obtained from Lockheed Air Terminal, 
Inc, for SFO are: 


Storage 

Distribution 


0.0045 cents/gallon 
0.5 cents/gallon 


Total (into aircraft) 0.5045 cents/gallon 


Converting to a common base figure, dollars per gigajoule, using the 
annual quantity of methane to be loaded, table 50, and of hydrogen, 
reference 5, the results are: 

LH 0 $9.43 x. 10^ _ n noo/ 

2 421.6 x 10 6 lbs 0.0224 $/lb or 0.41 $/GJ 

LCH 4 - rrSl - ?A 6 = = 0.00382 S/lb or 0.168 S/GJ 

1012 x 10 lbs 


Jet A X 0.005045 S/gal « 

- — — 7 — r® — = 0.00073 $/lb or 0.038 S/GJ 

6.90 lb/gal 




0 2.7 5.5 8.3 11.1 

SUBCOOLING BELOW -161.7°C 


e* 

Figure 158. - Total capital investment as a function of degree of subcooling 
and feedgas cost. 


290 





TABLE 70. - ANNUAL OPERATING COSTS, 
GAS FEED, NO SUBCOOLING 

LCH 4 GROUND SYSTEM, NATURAL 


Cost, 3 

Raw Materials 


Feedstock 13.613 x 10 13 Btu/yr at $3D0/10 6 Btu) 

108390 000 

Chemicals 


Refrigerant Makeup 


Propane 

0 

Ethane 

0 

Other 


Dessicants, absorbents, and catalysts 

1 000 000 

Utilities 


Fuel Gas 

0 

Electricity, 6258 kW 

1 370 502 

Cooling Water Makeup, 1000 gpm 

171 360 

Potable Water, 25 000 gal/day 

3 194 

Labor 


Operating Labor, 32 persons 

490 560 

Supervision, 4 persons 

120 000 

Administrative, 4 persons 

65 700 

Engineering and Maintenance, 8 persons 

192 720 

Administration and Overhead 

481 968 

Supplies 


Operating 

147 168 

Maintenance 

1 567 500 

Taxes and Insurance 

1 567 500 

Total Annual Operating Cost 

115568172 

Credit for Excess Ethane* 

-8934400 

Net Total Annual Operating Cost 

106633 772 


•Taken at 20% of the market value of ethane. 


291 



TABLE 71. - ANNUAL OPERATING COSTS, LCH 4 GROUND SYSTEM, 
SUBSTITUTE NATURAL GASFEED , NO SUBCOOLING 


Cost, $ 

Raw Materials 

Feedstock (2.996 x 10 13 Btu/yrat $3i)0/10 6 Btu) 89 877 000 

Chemicals 

Refrigerant Makeup 

Propane 26 550 

Ethane 8 320 

Other 

Dessicants, absorbents, and catalysts 1 000 000 

Utilities 

Fuel Gas, 2.824 x 10 12 Btu/yr 8 472 000 

Electricity, 6258 kW 1 370 502 

Cooling Water Makeup, 1000 gpm 171 360 

Potable Water, 25 000 gal/day 3 194 

Labor 

Operating Labor, 32 persons 490 560 

Supervision^ persons 120 000 

Administrative, 4 persons 65 700 

Engineering and Maintenance, 8 persons 192 720 

Administrative and Overhead 481 968 

Supplies 

Operating 147 168 

Maintenance 1 567 500 

Taxes and Insurance 1 567 500 


Total Annual Operating Costs 


105 562 042 



3.50 


3.00 


GO 

o 

o 2.50 


< 

QC 

UJ 


< 

=> 


2.00 


t 1.50 — 


1.00 


NATURAL GAS FEEDGAS 
SUBSTITUTE NATURAL GAS 
FEEDGAS 


U FEEDGAS COST 
8.54/GJ c 
($9 .00/10” BTU) 




FEEDGAS COST 
S5.69/GJ 
($6.00/10° BTU) 


1 1 1 - 

0 

1 

5. 1H 15 

SUBCOOLING BELOW -259°F 

_J 1 1 

20 

1 


($3.00/10° BUT) 


2J . 5 3 8,3 

SUBCOOLING BELOW -1 61 .7°C 


11.1 


Figure 159. - Total annual operating cost of ground system as a function 
of feedgas cost and subcooling. 


9.5 Evaluation of the Relative Safety of the LCH^ Ground System 

Provided in the following paragraphs is an assessment of the safety of 
LCH^ and its associated ground system requirements relative to LH 2 * To 
accomplish this, a comparison of the physical properties of LCH^ and LH 2 , 
a comparison of the combustion- related properties, and a summary of the 
relative hazards of LCH 4 and LH 2 are provided. In addition, the requirements 
of the NFPA Standard 59A were reviewed to identify particular modifications 
required for the LCH 4 ground system. The spacing requirements of NFPA 59A 
were examined to determine compliance with spacing requirements for this 
application. Because safety has become a controversial issue in the LNG 
industry, the most stringent recommendations for LNG facility siting were 
also reviewed to identify possible future changes in siting regulations that 
could affect the siting of an LCH 4 facility within an airport. Federal 
legislation introduced in Congress that could also affect the utilization of 
LCH^ as aircraft fuel was also examined. Finally, because of the controversy 
concerning LNG, the operating history of the LNG industry was reviewed. 
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9.5.1 Physical properties . - Table 65 compares the physical properties of 
methane and hydrogen. Values for hydrogen are based on the para form (ref- 
erence 83). It is difficult to weigh the contributions to a hazard of each 
property since the effect on safety is related to the actual accident situa- 
tion occurring. 

One of the physical parameters that affects safety is vapor or gaseous 
density. Both LCH 4 and LH 2 vapors and gases are lighter than air under most 
conditions. Specific gravity as a function of temperature is shown for 
methane in figure 149 and for hydrogen in figure 150. Methane is less dense 
than ambient air at methane temperatures above -108°C (-162°F) , Hydrogen is 
less dense than air at temperatures above -251°C (-420°F) . When vapors or gases 
are denser than air, they tend to layer, or settle near the ground. Under 
these conditions, vapors or gases can form flammable mixtures with air ex- 
tending over a considerable distance. The vapors of many hydrocarbon fuels 
are denser than air and would be expected to layer significantly; flammable 
mixtures of fuel and air could exist a considerable distance from a spill. 

For both methane and hydrogen this phenomenon is less likely to occur since 
the vapors are quickly warmed to near ambient temperature where gas densities 
are much less than air, and the gases can rise, diffuse, and disperse. As 
may be observed by comparing figures 149 and 150, layering will be far less 
extensive with LH 2 than with LCH^. 


TABLE 72. - PHYSICAL PROPERTIES OF METHANE AND HYDROGEN 


Property 

Methane 

Hydrogen 

Molecular Weight 

16.04 

2.02 

Normal Boiling Point (NBP), °C (°F) 

-162 (-259) 

-253 (423) 

Critical Temperature, °C (°F) 

-82.8 (-117) 

-240 (400) 

Critical Pressure, kPa (psia) 

4599 (667) 

1296(188) 

Density of Liquid at NBP, kg/m 3 (Ib/gall 

423 (3.53) 

70.8 (0.591) 

Specific Gravity of Liquid (Water 3 1.0) 

0.44 

0.07 

Density of Vapor at NBP, kg/m 3 (lb/ft 3 ) 

1.83(0.114) 

1.34 (0.0837) 

Specific Gravity of Vapor 



(Air at 60°F = 1,0) 

1-5 

1.1 

Density of Gas, kg/m 3 (Ib/SCF) 

0.642 (0.0401) 

0.0826 (0.00516) 

Specific Gravity of Gas 



(Air =1.0) 

0.53 

0.068 

Diffusion Velocity in Air, m/s (ft/s) 

(< 0.0 1 7) 

(0.066) 

Buoyant Velocity in Air, m/s (ft/s) 

0.79 to 6.1 (2.6 to 20) 

1.19 to 9.14(3.9 to 30) 

Heat of Vaporization at NBP, kJ/kg (Btu/lb) 

510(219.4) 

446 (191.7) 

Toxicity 

simple asphyxiant 

simple asphyxiant 





CH, VAPOR TEMPERATURE, 






VAPOR TEMPERATURE, 


lighter than air 


S -200 


-400 h 


■HEAVIER THAN AIR 


III! 


SPECIFIC GRAVITY (AIR = TO AT 60°F, ATMOSPHERIC PRESSURE) 


Figure 161. - Effect of temperature on specific 
gravity of hvdrogen vapor. 




Density must be considered along with diffusion and buoyant velocities, 
important parameters for dispersing fuel vapors and gases, in evaluating 
safety. Diffusion velocity is the speed at which vapors or gases diffuse 
through air with both components at ambient pressure and temperature. The 
velocity specified in table 65 is based on a concentration gradient varying 
from 0.9999 fuel volume fraction to 0.00 over distances of 2.54 cm (1 in.) to 
30.5 m (100 ft.) (reference 83). Buoyant velocity is the speed at which a 
light vapor or gas rises in air. The value is not simple to determine since 
it depends on atmospheric turbulence and the size and shape of the rising 
volume. The velocity in table 65 has been calculated from fundamental dy- 
namic principles and empirical data. Diameters of buoyant gas volumes were 
assumed to vary from 5.08 cm (2 in.) to 1.52 m (5 ft.) (reference 83). 

Methane vapor or gas is denser than hydrogen at all temperatures. It 
also has slower diffusion and buoyant velocities. 

These characteristics add up to a seriously adverse assessment of the 
safety of liquid methane insofar as large-scale spills are concerned. For 
example, in the event of a catastrophic spill of a large quantity of fuel, 
e.g., rupture of a storage tank by earthquake, sabotage, etc., or in the 
event of a crash, airline passengers who survive the impact, as well as 
people and property in the immediate area, will be considerably safer if the 
fuel is LH2 rather than LCH^. 

Liquid methane is rated hazardous because, when spilled in large quanti- 
ties, it can lay on the ground for an extended period before its temperature 
increases sufficiently that it will rise and dissipate in the atmosphere. 

The temperature of the gaseous methane must increase nearly 56 C (100 F) 
before its density becomes lighter than that of air. All of. the area tra- 
versed by the cloud under these conditions is susceptible to fire and explo- 
sion damage comparable to that experienced in Cleveland in 1944 (Reference 92). 
This unfortunate characteristic is largely responsible for the severity of laws 
and regulations which have been passed by various municipalities, states, and 
even the federal government in the United States regarding shipment and 
storage of LNG. In view of these governmental restrictions, it is considered 
unlikely that storage of large quantities of LCH^ would be permitted at air- 
ports of major air terminals. 

By contrast, liquid hydrogen need gain only 2.8°C (5°F) to achieve 
buoyancy in air at standard atmospheric conditions. Considering this in 
conjunction with hydrogen's much greater temperature differential between the 
saturated liquid condition at one atmosphere (-253 C (-423 F) for hydrogen 
and 161°C (-258°F) for methane at standard atmosphere, it is clear that a 
cloud of spilled hydrogen would not persist for long on the ground. 

The probability of a fire is about equal for either fuel. A large spill 
usually means fractured metal and the release of sufficient energy to cause 
ignition. With hydrogen, the ensuing deflagration would be about one-tenth 
the duration and lateral radiation from the flame would be significantly less. 
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The result would be a hazard to a far smaller area than would be the case for 
an equal-energy spill of methane. 

9.5.2 Combustion-related properties .- The more important combustion-related 
properties that affect safety are listed in table 66. It can be seen that 
the fl amma ble and detonable limits of methane are much narrower than those of 
hydrogen (5.3 percent to 15 percent and 4 percent to 75 percent, respectively). 
However, it should be recognized that for the majority of cases, i.e., for 
small leaks of flammable gases into the open air, the lower limit of flam- 
mability is reached first and is more indicative of a fire hazard. For meth- 
ane and hydrogen, these values are roughly the same (5 percent for methane 
and 4 percent for hydrogen). 

The limiting oxygen index is the minimum volume percent of oxygen that 
will propogate a flame in an unknown composition of a flammable vapor or gas. 
For example, a mixture of methane in air does not exist that will allow a 
flame to spread if the oxygen percentage is less than 12.1 percent. The 
index for hydrogen is 5.0 percent. 

The minimum ignition energy is the least amount of spark energy required 
to ignite the most easily ignitable mixture of vapor or gas in air. The 
value for methane is 0.29 mJ and for hydrogen it is 0.02. The large differ- 
ence in minimum ignition energy is not too significant because most all 
common sources of ignition, such as sparks, matches, or open flame have 


TABLE 73. - COMBUSTION-RELATED PROPERTIES OF METHANE AND HYDROGEN 


Property 

Methane 

Hydrogen 

Gross Heat of Combustion 
(Higher Heating Value), kJ/kg Btu/lb 

55 520 (23 890) 

141 830 (61 030) 

Net Heat of Combustion 
(Lower Heating Value), kJ/kg Btu/lb 

49 970 (21 500) 

119 900 (51 590) 

Flammability Limits, vol % in air 

5.3-15.0 

4.0-75.0 

Detonability Limits, vol % in air 

6.3-13.5 

18.3-59.0 

Limiting Oxygen Index, vol % 

12.1 

5.0 

Minimum Ignition Energy, mj 

0.29 

0.02 

Autoignition Temperature, °C (°F) 

538 (1 000) 

585 (1 085) 

Hot-Air Ignition Temperature, °C (°F) 

1 221 (2 230) 

671 (1 240) 

Flame Temperature in Air, °C (°F) 

1 877 (3 410) 

2 043(3 710) 

| Radiative Heat Transfer From Flame, % 

23 to 33 

17 to 25 

| Maximum Safe Gap, cm (in.) 

0.127(0.05) 

0.0076 (0.003) 

| Burning Velocity in Air, m/s (ft/s) 

0.36 to 0.48 (1.2 to 1.5) 

2.7 to 3.4 (8.7 to 11) 

, Detonation Velocity in Air, m/s (ft/s) 

1390 to 1640 (4560 to 5380) 

1481 to 2149 (4860 to 

Energy of Explosion, kg TNT/10® kJ 
(lb TNT/10® Btu) fuel 

215(500) 

7050) 

172 (400) 
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sufficient energy to cause ignition. Even weak sparks of static electricity 
from a human body contain about 10 mJ of energy, which is sufficient to 
ignite certain mixtures of methane or hydrogen (reference 83) . 

The autoignition temperature is the minimum temperature of a hot surface 
that causes spontaneous combustion upon contact with a vapor or gas. The 
value for methane is 538°C (1000°F), slightly less than the hydrogen value of 
585°C (1085°F) . The hot air ignition temperature is the temperature of a jet 
of air that causes a mixture of pure fuel vapor or gas to ignite. The values 
in table 66 are based on a jet diameter of 0.41 cm (0.16 in.) The value for 
methane 1221°C (2230°F) is much higher than that for hydrogen 6?1°C (1240 F) 
indicating methane is more difficult to ignite in this manner (reference 83). 

Flame temperature in air is observed in a burning mixture of premixed . 
air and fuel. Actual flame temperature of a fire at a spill is expected to 
be less. Experimental flame temperatures in air for methane and hydrogen are 
about the same, 1871°C and 2038°C (3400° and 3700°F), respectively. About 
one-fourth of the heat from these methane and hydrogen flames is transferred 
by radiation. Water vapor in the air tends to absorb some of this radiation, 
with radiation from methane flames being absorbed less than that from hydro- 
gen (reference 83) . 

The maximum safe gap is the maximum distance between parallel steel sur- 
faces that prevents flame propagation. It is experimentally measured using 
laboratory apparatus and is an important parameter in the design of 
explosion-proof equipment. The values appearing in table 66 for hydrogen 
and methane are not strictly comparable because they were obtained from 
different experimental apparatus. 

The burning velocity is the rate at which a flame propagates through a 
flammable mixture of vapors or gas in free air. Its value is a design para- 
meter for flame arresters. Substances with high burning velocities can more 
easily transform simple deflagrations into explosive detonations in a confined 
space. On the average, the burning velocity of methane is seven times slower 
than that of hydrogen (table 66) . The detonation velocity is the speed at 
which a shock wave travels in a detonation. The detonation velocity for 
methane is slightly less than that for hydrogen. 

Energy of explosion is the maximum amount of energy released iii detona- 
tion. This yield is described as a ratio of the weight of TNT (2, 4, 6, or 
symmetrical, trinitrotoleune) equivalent to the higher heating value of the 
fuel in millions of Btu. The value listed in table 66 is the theoretical 
maximum. Actual yield from explosions commencing from spills would be on 
the order of 10 percent of the theoretical yeild. Another difficulty in 
utilizing TNT for comparison is the difference in overpressure and impulse 
values of fuel/air mixtures and TNT at distances close to the center of the 
explosion. Fuel/air mixtures generally have less overpressure, but greater 
impulses than TNT. Thus, methane or hydrogen are expected to have less of a 
crushing effect on structures, but greater ability to overturn objects than 
TNT (reference 83). 
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9.5.3 Overview of relative hazards .- The actual hazard that develops from 
using any of the high energy fuels depends on the specific details of the 
storage/distribution system and the type of accident that occurs. Generalized 
safety comparisons such as the foregoing are of limited interest and use- 
fulness. Conclusions that can be universally applied cannot be made from 
discussion of general, nonspecific hazards. However, some important safety 
items which have been identified relative to LH 2 and LCH 4 are the following 
(reference 84) . 

LCH 4 presents more of a hazard in event of a major spill because its 
vapors are harder to disperse than those of LH 2 . Both fuels are easily 
ignitable, but the fire hazard would linger longer for LCH 4 . LH 2 probably 
has the greater explosion hazard because of its sensitivity to confinement. 

Both LH2 and LNG (principally LCH4) are stored and used commercially 
today. Safety problems have not precluded their use. However, because of 
the potential hazard resulting from a large spill previously referred to, 
and because of the widespread opposition which has developed in recent 
years relative to storage of large quantities of LNG in or near populated 
areas (see Federal Legislation) it must be considered unlikely that storage 
of necessary volumes of LCH 4 at airports will be permitted. 

9.5.4 Spacing requirement .- Based on existing standards, and assuming 
legislation currently pending in Congress to severely restrict storage is 
not enacted, the following discussion provides information about design and 
spacing of LNG facilities. 

Minimum distances between LNG storage tanks, dike walls, process equip- 
ment and property lines can be determined from equations given in the 
National Fire Protection Association (NFPA) Standard 59A-1975, "Production, 
Storage and Handling of Liquefied Natural Gas" (reference 85). This standard 
would certainly be applicable to LCH 4 production, storage, and handling. 

Spacing requirements related to the storage tanks have the greatest impact 
on the land area of the storage facility. 

A "low-profile" storage tank was assumed to be better suited to an 
airport site; conventional tanks have larger height-to-diameter ratios. It 
was further assumed that the tanks would not be located in a seismic zone; 
special tanks must be designed for these areas. 

3 

Approximate tank dimensions for the 42 130 m (256 000 bbl) containers 
conceived in this study were provided by Chicago Bridge and Iron Company 
(reference 86 ). The inner tank is 55.5 m (182 ft) in diameter and 18.9 m 
(62 ft high). The outer tank is 57.9 m (190 ft) in diameter and 30.5 m 
(100 ft) high. 

The three tanks could be arranged in either a row or triangle configura- 
tion. Based upon the NFPA standard for minimum clear distances, it was deter- 
mined that the row arrangement requires the least amount of land space. A 
plan view of the area is shown in figure 151. 
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Figure 162. - Plan view of the LCH^ storage tanks. 

Impounding, or diking, areas can also be determined by use of NFPA 
Standard 59A. A nominal dike size could be estimated for the LCH 4 storage 
facility by using this standard, however, the resulting dike may not 
necessarily be the minimally priced one. Engineering design work is required 
to properly size the dike; parameters include safety, materials of construc- 
tion (e.g., concrete or earth) , and available land area. 

Minimum dike dimension can be estimated from figure 152, its accompany- 
ing note, and the minimum volume requirement. A most conservative minimum 
volume requirement is to specify that the dike volume equals the sum of the 
maximum storage capacity of all tanks within the dike. If it can be ensured 
that a leak from one tank will not cause others to leak, the required dike 
volume may be just that of the largest tank. For a storage facility sited 
near an airport, the more conservative requirement mentioned first would be 
prudent. 
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DIMENSION “X" MUST EQUAL OR EXCEED 0.6 TIMES DIMENSION "Y". 

DIMENSION "X" IS THE DISTANCE FROM THE INNER WALL OF THE CONTAINER TO THE 
CLOSEST FACE OF THE DIKE OR IMPOUNDING WALL 

DIMENSION "Y" IS THE DISTANCE FROM THE MAXIMUM LIQUID LEVEL IN THE CONTAINER 
TO THE TOP OF THE DIKE OR IMPOUNDING WALL 

Figure 163. - Dike or impounding wall proximity 
to containers (reference 71) . 


Distances from the facility to a property line that can be built upon 
are based on provisions that limit the heat flux from a fire contained by 
a dike or that minimize the possibility of a design spill forming a flam- 
mable mixture at the property line. 

The minimum distance to the SFO property line from the LCH, storage 
facility is 610 m (2000 ft). This distance is more than sufficient to pro- 
vide for conventional dike configuration and be within NFPA 59A specifica- 
tions (reference 85). For example, if the dike height were 3.65 m (12 ft) 
the impoundment area for each storage tank would be about 111.2 x 111.2 m 
(365 x 365 ft). The minimum allowable distance to the property line under 
this configuration would be 89 m (292 ft), which is 521 m (1708 ft) less 
than the actual minimum distance to the SFO property line. 
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9.5.5 Additional safety standard requirements *- Besides spacing require- 
ments, NFPA 59A also gives safety criteria for other facets of LNG operations. 
The standard was examined for specific issues that might affect LCH 4 fueling 
of aircraft. 

During aircraft fueling operations, the engines would be required to be 
shut off. Traffic around the fueling aircraft could not come within 7.62 m 
(25 feet) which is an NFPA 59A standard. Monitoring of the oxygen content of 
the empty tank may be required. If it exceeds 2 percent by volume, it must 
be suitably purged before filling. 


The standard calls for ways to prevent spills from endangering structures, 
equipment, or surrounding property, during LCH 4 transfer operations. This may 
require drainage channels around the LCH 4 fueling areas. These channels could 
be covered with steel grates to allow traffic above them. Such channels or 
other drainage methods are not incorporated into fueling areas of airports 
today (reference 87). Enclosed drainage channels are specifically prohibited 
by the NFPA 59A standard. 

Other safety criteria in Standard 59A would be applicable to LCH^ produc- 
tion, storage, and handling and include items such as recommended materials of 
construction, piping, types of pressure-relief valves, electrical equipment, 
welding procedures, corrosion control, assurance of competent designers, and 
fabricators, etc. (reference 85). 


9.5.6 Possible safety standard changes. - The United States General Account- 
ing Office (GAO) has recently issued a comprehensive report to Congress on the 
safety of liquefied energy gases (LEG) (reference 88 ). The report is critical 
of current methods of storing and handling LNG. While it is uncertain that the 
reconmendations of this report will be put into effect, they are receiving 
widespread attention in the industry, and may cause changes to existing 
standards. 

A major recommendation is to site LEG storage facilities in remote areas. 
This could be accomplished by requiring exclusion zones around storage facil- 
ities similar to those of nuclear power plants. The owner would be required 
to purchase all land within a specified radius of the storage tank(s). Remote 
area means a nonurban area. Probably a majority of airports are considered 
to be located in urban areas and would require an exemption from this possible 
change in the safety standard in order to store and handle LCH 4 within the 
airport. 


The report also suggests that LNG storage tanks be built underground 
with the maximum liquid height below ground level. Many LNG storage tanks 
in Japan are constructed this way (reference 89). LNG storage tanks in the 
United States are usually built aboveground, as constructing underground 
tanks would be more expensive. 


GAO recommends the use of nuclear plant construction codes instead of the 
Uniform Building Code (U3C) , to which most LNG facilities are built today 
(reference 90). The nuclear construction codes are more restrictive and 
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require greater safety factors. (For example, facilities must be designed to 
withstand greater natural disasters than those specified by the UBC.) 

Another significant recommendation of the report is to require LNG 
facilities to employ armed guards. LNG facilities in the United States gen- 
erally do not employ armed guards, with some small storage facilities often 
operating unattended. The addition of security guards would increase oper- 
ating costs. For LCH^ facilities at an airport, the additional cost for guards 
might not be as restrictive, since a base security system will already exist. 

9.5.7 Federal legislation .- Because of the large quantities of LNG that may 
be imported into the United States, public opposition to the siting of LNG 
receiving terminals has occurred in some areas of the country. In response 
to this public opposition, various Congressmen have introduced legislation 
that could affect the utilization of LCH^ as aircraft fuel. 

Four pieces of legislation, introduced in the first session of the 95th 
Congress, could have a direct impact on the implementation of LCH^ as air- 
craft fuel. These are described as follows: H 

• S. 2273. !, Liquefied Natural Gas Siting and Safety Act. " - Introduced 
by Mr. Pell (D-R.I.), November 1, 1977. This bill gives the Secretary 
of Energy jurisdiction over construction permits and operating licenses 
for LNG facilities and directs the Secretary of Energy (hereafter 
referred to as "Secretary") to promulgate such regulations as may be 
necessary to establish minimum standards for the location, design, 
operation, and construction of LNG facilities. S. 2273 provides that 
after June 30, 1977, an LNG facility cannot be constructed without a 
permit issued by the Secretary. 

Under the terms of S. 2273, in order for the Secretary to issue any 
LNG construction permit, the Governor or a responsible agency of the 
affected State must approve the specific location of the proposed 
facility. However, the bill allows the Secretary to issue a con- 
struction permit without this approval if the Secretary determines 
that S. 2273 mandates that a hearing be held in the affected local 
district on an application to build an LNG facility. 

S. 2273 directs the Secretary to report to Congress his recommendations 
concerning creation of a compensation and liability fund to protect 
the public against risks associated with construction and operation of 
LNG facilities. 

The Secretary, in consultation with other Federal agencies, must 
report to Congress on the adequacy of current federal research and 
development efforts relating to health, safety, and environmental 
control in connection with LNG facilities. S. 2273 charges the 
Secretary with primary responsibility for federal research and 
development relating to health, safety, and environmental control 
in connection with .LNG facilities . This bill also names the Secretary 
as coordinator of federal research and development activities in this 
area. 
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a H.R. 6844, "Liquefied Natural Gas Facility Safety Act. " - Introduced 
by Hr. Dingell (D-Mich.) and Mr. Markey (D-Mass.), Hay 3, 1977. This 
bill affects the siting, design, construction, and operation of 
facilities used in the transportation, storage, and conversion of LNG. 
H.R. 6844 directs the Secretary of Transportation (hereafter ref erred 
to as "Secretary") to prescribe minimum standards for determining the 
location of any new LNG facility and standards for their design, con- 
struction, and operation. The Secretary is directed to prescribe 
standards for the location and operation of existing LNG facilities. 

H.R. 6844 mandates that no new LNG facility may be constructed unless 
a permit has been issued by the Secretary. The bill also specifies 
that, except for certain exemptions, no new or existing LNG facility 
may be operated unless a permit has been issued by the Secretary., 
permit may not be issued unless an adequate contingency plan setting 
forth steps to be taken in the event of an LNG accident is provided 
to Secretary. In addition, assurances must be given that there is 
adequate financial coverage to satisfy claims for personal injury and 
property damage resulting from the most severe LNG accident which 
could be expected. 

H.R. 6844 prohibits the Secretary from issuing a permit in the case of 
the construction of (or with respect to) any LNG facility that is 
stationary and: 

• Any portion of such facility located within 610 m (2000 ft) of any 
residential structure 

• The population density of the area within 14.8 km (8 mi) of such 
facility averages 10 or more persons per square mile (taking into 
account those who either work or reside within the area) . 

The governor of the state in which such a facility is to be located 
notifies the Secretary in writing that he does not object to such 
construction. The bill also provides civil penalties for certain 
violations pertaining to the construction or operation of LNG 
facilities. 

H.R. 6844 states that a political subdivision shall not have its 
laws or regulations pertaining to LNG facility standards preempted 
(under this bill) unless these standards are incompatible with the 
standards set forth in this bill. The Secretary of Transportation 
is also directed to coordinate his actions under this proposed 
Act with those taken by other Federal agencies. 

H.R. 6844 also directs the President to determine tentatively the 
maximum amount of imported LNG to be authorized during each ot the 
following 10 years and to determine the number, size, and type of 
additional LNG facilities needed to accommodate this fuel. The 
bill authorizes $4 million for the Secretary to conduct an LNG 
safety study. 
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• H.R. 9731, Amends the Natural Gas Act. - Introduced by Mr. St. Germain 
(D-R.I.), October 25, 1977. H.R. 9731 amends the Natural Gas Act so 
that a certificate for the construction or extension of any LNG facility 
may not be issued "unless the Governor of the State and the legislative 
body or bodies of that State in which such facility is to be located 
has approved in writing such facility." 

• H.R. 9773, Amends the Natural Gas Act. - Introduced by Mr. Beard 
(D-R.I.), October 27, 1977. This bill amends the Natural Gas Act to 
provide that no certificate for the construction or extension of any 
LNG facility may be granted unless approved by the affected states. 

H.R. 9773 specifies that "no standard or requirement imposed by the 
State as a condition of its approval (other than a requirement solely 
relating to facility location) may be inconsistent with any standard 
or requirement applicable to such facility ... to the Natural Gas 
Act . 

Although none of the above proposed legislation was enacted by Congress, 
the legislation could be reintroduced in the next Congress. In fact. Congress 
has maintained its interest and will hold hearings on LNG safety. The out- 
come of the hearings are, of course, unpredictable, but the legislation that 
has previously been proposed indicates that siting of an LCH^ facility in an 
airport may have substantial political opposition. 

9 , 5.8 Review of the LNG industry safety record .- The first LNG peakshaving 
facility was a pilot plant built by Hope Natural Gas Company, a subsidiary of 
Consolidated Natural Gas System, in Cornwell, West Virginia, in 1939 (ref- 
erence 54). This plant had a liquefaction capacity of 8490 m J (300 000 CF/day) 
and a storage capacity of 34 x 10 3 m 3 (1.2 million C.F). In 1941, the East 
Ohio Gas Company, another Consolidated subsidiary, built a peakshaving plant in 
Cleveland that had a 113.2 x 10 3 m 3 /day (4 million CF/day) liquefaction capa- 
city and three tanks, which together would hold 4.75 x 10^ m (168 million CF) . 
After 2-1/2 years of successful operation, a fourth storage tank with a capa- 
city of 2.83 x 10 6 m 3 (100 million CF) was added. It was this tank that failed 
in 1944, resulting in a disastrous fire and considerable loss of life. In 
view of the recent controversy over LNG safety, it is interesting to note that 
the report of the U.S. Bureau of Mines investigation team concluded that, 
regardless of the cause of the disaster (probably the use of 3.5 nickel steel 
for the inner shell, which has low impact resistance, "the application of the 
system of liquefying and storing large quantities of natural gas is not in- 
validated, provided proper precautions are observed." Nonetheless, this 
accident had a dampening effect on the use of LNG for peakshaving, and it was 
not until 1965 when peakshaving facilities built by Wisconsin Natural Gas 
Company, San Diego Gas and Electric Company, and Alabama Gas Corporation .went 
onstream that the concept was again used in the United States. The first 
satellite facility, built in 1969 by Northern States Power Company in 
Wisconsin, had a storage capacity of 3.7 x 10° m 3 (130 million CF) . In the 
following years, the number of LNG plants increased rapidly and dramatically 
to the present level. 
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Currently in the United States and Canada, there are 118 peakshaving LNG 
facilities in operation. The peakshaving facilities have a total storage 
capacity of about 2.12 x 10$ m3 (75 billion SCF). In addition, there are 
three operational LNG import terminals and one operating base-load lique- 
faction facility that have a total storage capacity of about 0.425 x 10 m J 
(15 billion SCF) (reference 33, 91, and 32). 

The safety record of the LNG industry is exemplary. In the aggregate, 
the facilities have achieved some 6.2 million hours (708 years) of safe 
operation without incident. None of the LNG facilities have experienced 
accidents that resulted in hazards outside the plant boundary since the 
Cleveland accident (reference 92). 

These results indicate that the existing safety standards for storage 
and handling of LNG (NFPA 59A) should be sufficient to ensure safe utiliza- 
tion of LCH4 as an aircraft fuel. Certainly the operating history of the 
United States LNG industry supports the adequacy of NFPA 59A and the industry 
in ensuring safety. Nonetheless, the current controversy over LNG safety has 
resulted in the possibility of the development of more stringent siting 
regulations for LNG facilities that would certainly affect the utilization of 
LCH4 as an aircraft fuel. 


9.6 Conclusions of Study of Ground Facilities 

The results of this study show that substitute natural gas derived from 
coal can be utilized as a feedstock to produce LCH4 as subsonic aircraft fuel. 
Utilization of LCH4 as aircraft fuel is not precluded by technological limi- 
tations on the ground system that would supply the fuel. 

Liquid methane is considered to present a significantly greater hazard 
than LH 2 in event of a massive spill as might result from rupture of ground 
storage tanks or from crash of an aircraft. This, plus the present public 
controversy over safeguards required for LNG shipment, handling, and storage, 
plus resulting pending legislation, make it unlikely that storage of large 
quantities of LCH4 will be permitted at airports. However, if the question 
of safety of methane can be satisfactorily resolved, the fuel is very attrac- 
tive because of its cost advantages. 
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10. TECHNOLOGY DEVELOPMENT REQUIRED 


10.1 Airport Facility Requirements 


With respect to materials and equipment requirements for the ground 
system as studied in Section 9, there are no requirements that cannot be 
satisfied with existing technology. There are no technical barriers that 
would preclude the implementation of liquid methane as a fuel for subsonic 
transport aircraft. 


10.2 Aircraft Component and Systems Development 

To proceed from conceptual preliminary designs, a technology base must 
be established and confirmation of design concepts must take place. Starting 
with the simplest structural element tests and functional equipment tests, 
as the program progressed, these elements would be integrated into the next 
higher level subassemblies until a flight-worthy system was arrived at. As 
one proceeds through Sections 5, 6, 7, and 8 of this study, the lines of 
required development become quickly delineated. The cryogenic fuel system 
is the heart of the matter, and determination of the behavior of the elements 
of this system under static and dynamic (and cyclic) conditions is the route 
of investigation that should be undertaken. 


10.2.1 Structural element tests. - Several materials have been recommended • 
in Sections 5 and 8 for both the fore and aft tanks: 

• Kevlar aerodynamic fairing 

• A flexible open cell foam 

• Mylar-aluminum (MAAMF) Vapor Barrier 

• A closed cell foam insulation, Stepan Foam BX250A 

• Primary tank material of 2219 aluminum 

• A tank wall-to-insulation adhesive. 

The mechanical properties of these materials in their real temperature 
environment under the appropriate loadings must be determined as a first 
step. The design allowable stresses in tension, compression, fatigue, bend- 
ing, and peel strength at cryogenic temperatures will result from these 
efforts. 


308 



10.2.2 Small component tests .- At this point, buildup combinations of these 
materials into cross sections representing sections of the tank and/or insu- 
lation can proceed. A rather detailed design of the integral aft tank is pre 
sented in figures 164 and 165 as an aid to describing what the potential de- 
velopment tasks are. Several sections and views have been taken, and any one 
of them could be evaluated as a necessary test specimen. However, the compos 
ite truss member with titanium fittings and its lug attachments, shown in 
View G of figure 164, along with the elements of the attachment structure at 
the tank end, is an obvious choice for a life cycle fatigue test program. 
Relatively large panel tests would also be required for the structural- 
insulation concept, with the load and temperature environment being that of 
the actual flight environment with a cryogenic fuel on board. 


10.2.3 Large-Scale Tank Fabrication and Test. - The purpose here would be to 
design, fabricate, and test a half-scale aft tank complete with its insulation 
system. The program would be in two major parts: 

• Structural Development and Producibility 

- Develop fabrication methods 

- Install insulation concept 

- Install structural support with trusses 

- Develop inspection and repair provisions 

• Fuel System Simulation 

- Install functional equipment 

- Develop filling procedures 

- Verify design of plumbing system 

- Check sensing devices 

- Conduct flow rate tests 

- Simulate engine consumption and aircraft attitudes 

- Establish operating and maintenance procedures 

10.2.4 Pumps and other functional equipment development .- The design and 
development of the equipment items that must function at cryogenic temper- 
atures is a major requirement. The more important of these are: 

• Tank boost pumps . 

• Engine-mounted, high-pressure pumps 
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• Engine fuel control system 

• Tank pressure vent valves 

• Tank and engine crossfeed valves 

• Sensors and instrumentation to crew station 

• Engine-mounted heat exchangers 

The order in which these recommendations are made should not be con- 
strued as a listing of relative importance but taken only as a sequence in 
which these events could occur. Ideally, in fact, the functional equip- 
ment development should parallel the tank structural development of the pre 
ceding Section 10.2.3 so that the fuel system simulator can be operable as 
the immediate next step. 


11. CONCLUSIONS 


Major Conclusions 

• Methane is competitive as an alternate fuel in all major 
performance factors such as DOC, gross weight, initial cost 
and energy utilization. 

• The mission range in which methane is competitive is, 
however, limited to ranges of 2778 km (1500 n.mi.) to about 
10186 km (5500 n.mi.). Neither LCH 4 nor LH 2 are competitive 
with Jet A at the shorter ranges. At the very long ranges, i.e., 
above 10.186 km (5500 n.mi.), methane becomes noncompetitive to 
both Jet A and LH^. The advantages of LH ? in terms of DOC, 
weight, cost and energy utilization become even more pronounced 
at very long ranges. 

• The best fuel tank locations for the LCH, fueled airplane 
was found to be fore and aft of the cabin in the fuselage 
as it was in the Ll^ aircraft studied previously. 

• The cryogenic tanks for LCH^ were found to be producible 
by present methods using an all welded structure of 2219 
aluminum. 

• Considerations of safety, design complexity and maintenance 
weighed as heavily in the choice of the LCH 4 aircraft config- 
uration as did the major performance factors. 
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• The present public controversy about the safety of LNG 
shipment, storage and handling bears directly and with equal 
emphasis on the production and distribution of liquid methane 
at air terminals. It is unlikely, under currently proposed 
legislation, that the storage of large quantities of liquid methane 
would be permitted at airports. 

• If the question of safety can be satisfactorily resolved, there 
are no technical barriers in the design of the ground system 

or of the airplane that would prevent the use of methane as 
an alternate fuel. 


Subcooling 

Subcooling of the fuel used for aircraft refueling can result in reduced 
fuel losses and reduction of venting during flight. A totally nonventing 
state could be maintained from the termination of fill operations to 
some time after landing by controlled mixing of the stratified liquid in 
the tank. The degree of mixing would be controlled by a system using in- 
stantaneous tank pressure as the control input. Some economic benefit, 
from an operational standpoint, may be derived by nonventing when consid- 
ering ground servicing aspects. However, this was not examined during this 
study. Subcooling will also reduce tank insulation thickness requirements, 
and the corresponding system weight and volume reductions will favorably 
influence DOC. 

Although subcooling reduces the amount of fuel vented during a flight, the 
fuel cost savings do not balance the additional capital equipment expense. 

The maximum fuel savings would result from the condition of constant weight, 
i.e., increase insulation thickness for the subcooled case to equal the 
decrease in weight of fuel evaporated. From figures 110 and 113, subcooling 
to the 103 kPa (15 psia) state would result in a savings, per 10 186 km 
(5500 n. mi. ) flight, of 259 kg (571 lb) in fuel evaporated over the design 
point of 148 kPa (21 psia) fill, which is 4.45 cm (1.75-in.) aft tank insu- 
lation thickness and 5.08 cm (2.00-in.) forward tank insulation thickness. 

The yearly fuel loaded figure of 0.459 x 10^ kg (1.012 x 10^ lb)/yr for the 
base line terminal liquef ication facility corresponds to 7793 flights per 
year of the 10 186 km (5500 n.mi.) range. 

At 259 kg (571 lb) saving per flight the fuel cost reduction is $383,000 
per year, based upon S3.79/GJ ($4/10 6 Btu) . For 4.44°C (8°F) of subcooling 
the added capital cost is $33,000,000. This corresponds to a 20-vear write- 
off of $1, 650,000/year, or four times the yearly fuel cost savings. 

A more optimum case would be to reduce insulation thickness for the sub- 
cooled condition, to 1-inch for both tanks, and benefit from lower gross 
weight. The fuel savings would be 219 kg (482 lb) /flight and insulation 
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system weight reduction would be 166 kg (366 lb) for a net weight reduction of 
385 kg (848 lb) . Although no DOC weight sensitivity studies were conducted 
for the fuel system, an approximation of this may be made using the data of 
Table 5-1. Considering DOC in terms of gross weight as 3.602 cents/seat 
km - kg(3.026 x 10“^ cents/seat n. mi-lb,) an approximation of DOC benefit 
is $446,000 per year with an additional $383,000 from fuel cost reduction. 

This total annual saving is still less than one-half of the capital expense 
of $1,650, 000/year. Therefore, subcooling has not been included in the 
design. 
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APPENDIX A 


DESCRIPTION OF COMMERCIALLY AVAILABLE 
BASELOAD LNG LIQUEFACTION PROCESSES 



AIR PRODUCTS' MCR PROCESS DESCRIPTION 


Air Products and Chemicals, Inc., has patented a multicomponent 
refrigerant (MCR) process for the liquefaction of natural gas (reference 98). 
This process is based on a mixed refrigerant, circulated in a closed circuit. 

It has been used in two operational baseload LNG plants, at Brunei, Borneo, and 
at Marsa El Brega, Libya, and will be employed in several other installations 
currently under construction or in the planning stage (references 32 and 99). 
The earlier installation at Marsa El Brega employed a single mixed refrigerant 
system, while Brunei and later plants employed a propane-precooled mixed 
refrigerant system. The refrigerant requirements of a propane-precooled mixed 
refrigerant system are fulfilled by two major closed— loop circuits: a multi- 

level propane cascade and a mixed refrigerant service. The mixed refrigerant 
is composed of nitrogen, methane, ethane, and propane. A process flow diagram 
of a typical propane-precooled mixed refrigerant process is presented in 
figure 166. The refrigerant makeup system includes a single fractionation 
system to provide ethane and propane, and a cryogenic air separation plant to 
supply nitrogen. The air separation unit also supplies purge and utility 
nitrogen. The process systems operate as follows: 

• LNG Circuit - The feed gas, after pretreatment for removal of 
entrained condensate, carbon dioxide, and some water, is cooled 
to about -35°C in three levels of propane refrigeration in evapo- 
rators X-l, X-2, and X-3. The gas is dried after heat exchange 
with high-level propane, X-l, and then cooled in evaporators X-2 
and X-3. The heavier components in the feed are removed in a scrub 
column, D-l, for LPG recovery and refrigerant makeup. Final cooling 
of the feed to the required LNG temperature is carried out by a 
single mixed refrigerant stream in the MCR Cryogenic Heat Exchanger, 

X-5 . 

• Mixed Refrigerant System - The low-pressure refrigerant stream 
leaving the MCR Cryogenic Heat Exchanger is compressed to a high 
pressure in a compressor system, C-l, and cooled to about — 35°C by 
propane refrigeration in evaporators X-6, X-7, and X— 8. The partial- 
ly condensed stream is separated into liquid and vapor fractions in 

a phase separator, V-l. The liquid is cooled in the warm bundle (WB) 
of the MCR Cryogenic Heat Exchanger, flashed across a pressure let- 
down valve, JT-1, and distributed over the shell side of the 
exchanger. The vapor stream is condensed and subcooled in both the 
warm bundle and the cold bundle (CB) flashed across a letdown 
valve, JT-2, and distributed over the shell side of the cold bundle. 

The stream from the bottom of the cold bundle mixes with the low- 
pressure stream from JT-1 before redistribution over the warm bundle. 

• Propane System - The propane streams from the high-, medium-, and 
low-level evaporators in the plant are compressed in a single, 
multistage compressor system, C-2. The high-pressure propane is 
cooled and condensed against cooling water and stored in an 
accumulator that supplies propane to the evaporators. 
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PROPANE SYSTEM MCR CRYOGENIC 

HEAT EXCHANGER 



Figure 166, - Propane precooled ;MCR process - schematic (Reference 36). 


• Refrigerant Makeup - The liquid bottoms from the scrub column are the 
feed to the fractionation system. A series of distillation columns 
process this feed to provide makeup for the mixed refrigerant and 
propane systems, LPG and heavier hydrocarbon recovery, plant fuel, 
etc. Excess hydrocarbon liquids can be reinjected into the LNG. 
(reference 37). 

PRICO® PROCESS DESCRIPTION 

A natural gas processing scheme incorporating the PRICO liquefaction 
process is presented in figure 167. This process is the one that has been 
chosen for Algeria’s Skikda liquefaction facility (Reference 35). The refrig- 
erant mixture consists of nitrogen and a combination of hydrocarbon components 
of methane through pentane. The refrigerant mixture is circulated by means of 
a single casing refrigerant compressor. The refrigerant compressor operates 
at a relatively low discharge temperature of‘121°C to 149°C (250° to 300°F) 
and ambient suction temperatures. There are no cryogenic temperature con- 
siderations required for any part of the refrigerant loop outside of the 
refrigerant exchanger cold boxes with the exception of the cold refrigerant 
expansion valves and associated piping. 
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Figure 167, - Natural gas processing scheme incorporating the Prico process. 
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Feed Gas Treatment 


The PRICO liquefaction process requires feed gas preparation no more 
stringent than any other natural gas liquefaction process. Solid particles 
and heavy hydrocarbons are removed to prevent deposition on the cold heat 
transfer surfaces. Moisture, carbon dioxide, and sulfur compounds are 
removed to avoid solids formation at the low refrigeration temperatures 
employed. 

Liquids in the feed gas are removed prior to absorption of carbon dioxide 
by monoethanolamine. Then water vapour is first partially condensed by sea 
water and separated out prior to completing dehydration over a molecular sieve 
desiccant. The treated gas now contains less than 100 ppm of CO 2 and 1 ppm 
of water vapour to avoid solids formation by these components in the cryo- 
genic exchangers. 

Products . - In the first pass through the cryogenic exchangers (Feed I) the 
feed gas is partially condensed prior to entering the demethaniser. The 
overhead vapour (Feed II) is condensed in the cold end to produce nitrogen 
rich LNG. This nitrogen is flashed off and the LNG product sent to storage. 
The demethaniser liquids are fractionated into ethane, propane and butane 
products. The gasoline remaining and nitrogen rich flash gases are used as 
boiler fuel. 

Liquefaction . - The process consists of a single refrigeration loop, fig- 
ure 168, containing: 

• One single casing axial compressor 

• One refrigerant sea water cooled condenser 

• One multicore cryogenic exchanger. 

Thus, the natural gas is cooled over the full temperature range in a 
single exchanger. 

The multicomponent refrigerant is a mixture of nitrogen and hydrocarbons 
up to pentane. The full mixture circulates around the whole loop. 

Refrigerant components are extracted from the feedstock, except for 
nitrogen which is produced from an air separation unit (Reference 42). 


PHILLIPS 1 "IMPROVED OPTIMIZED CASCADE" PROCESS DESCRIPTION 

The Phillips Cascade Cycle consists of propane, ethylene, and methane 
refrigerant systems. The Kenai, Alaska, LNG installation is currently the 
only baseload plant that uses the Phillips optimized cascade process 
(reference 41). The improved version of this process was planned for incor- 
poration into El Paso's Gravinia Point, Alaska, LNG facility (reference 32). 
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Figure 168. - Prico process (Reference 42). 











The improved version of the "optimized cascade" is similar to the Kenai plant 
in that it uses propane, ethylene, and methane as the refrigerants. A flow 
sheet of a single unit of the improved optimized cascade cycle is given in . 
figure 169. 


Feed Gas Flow 

Gas entering the liquefaction unit flows through three stages of propane 
cooling, three stages of ethylene cooling, and, finally, three stages of 
methane cooling. In the ethylene portion, a heavy hydrocarbon draw is made. 
This provides feed for the LPG fractionators and eliminates the heavy hydro- 
carbons which would form solids in LNG. The draw point was selected for 
ethane recovery. In plants where a high recovery of ethane is not desired, 
the draw point would be a warmer temperature. This is another advantage in 
the cascade cycle. The draw point can be varied or the temperature controlled 
to accommodate the desired hydrocarbon removal without changing the design or 
operating scheme of the liquefaction unit. 

Nitrogen is removed from the feed gas in the methane refrigeration system 
as a portion of the fuel stream. The nitrogen content in the feed gas deter- 
mines the volume of fuel drawn. Here again the system is adjusted to accommo- 
date the feed gas nitrogen content without changing the control scheme. 


Propane Refrigeration System 

Feed gas leaving the gas treater is chilled to (60°F) by use of high 
stage propane (X— 1 ) . After leaving the high stage chiller it passes through 
the dehydrator and is then cooled in successive stages with intermediate (X-2) 
and low pressure propane (X-3) . The vapors from each of the propane evapo- 
rators flow to the propane compressors (C-l) and, after compression, are 
cooled and c'ondensed with water (CWI). 


Ethylene Refrigeration System 

Feed gas from the low stage propane refrigeration system is chilled with 
high stage ethylene refrigerant to -53.9°C (-65°F) (X-4) . About 15 percent of 
the stream is condensed. The liquid is removed from the separator (H-l) and 
flashed into the top of a stripper column (H-2) . The methane is removed and 
the liquids, ethane and heavier hydrocarbons, sent to LPG fractionators. The 
methane joins the high stage methane refrigerant vapors, as discussed later. 
Vapors from the separator (H-l) are joined by the methane discharge stream 
and passed through interstage and low stage ethylene chillers (X-5) . The 
feed-methane stream leaves the low stage chiller totally condensed, at 
-88. 3°C and 4137 kPa (-127°F and 600 psia) . 

Ethylene vapors from the liquefaction unit at their respective pressures 
are passed through economizing heat exchangers (X-6, X-7, and X-8), then on 
to the compressors (C— 2 and C-3) . Each of the interstage streams is cooled 
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after compression and joins the stream from the liquefaction unit. The final 
discharge is water cooled (CW-2 and CW-3) , precooled with high stage propane 
(X-9 and X-10) , and then condensed by low stage propane (X-ll) before entering 
the ethylene surge tank at (-22°F and 300 psia) . 


Methane System and LNG Storage 

The combined feed gas-methane stream enters the methane refrigeration 
system as a liquid at 88.3°C (-127°F). The stream is first passed through an 
economizer (X-12), then flashed at a reduced pressure to remove about 10 per- 
cent of the feed gas volume (H-3) . This vapor stream, after passing through 
economizers (X-12 and X-14), is sent to the fuel system. 

Liquid from the fuel flash drum is reduced in pressure to (180 psia) 

(H-4) and the flashed vapors become the high stage methane refrigerant. The 
high stage liquid is passed through a final economizing heat exchanger (X-13) , 
and then flashed in two successive stages (H-5 and H-6) to produce intermedi- 
ate and low stage methane refrigerant vapors. Each of the. methane vapor re- 
frigerant streams then enters the methane compressor (C-4) at its respective 
pressure. 

A methane recycle system identical to that discussed for the ethylene 
system is provided. This ensures continuous operation regardless of lique- 
faction unit feed gas flow. 

The methane vapors from the demethanizer (H-2), discussed in the ethylene 
system, enter the high stage methane vapor stream ahead of the final methane 
economizer (X-14) and become part of the methane refrigerant and compressor 
discharge stream. The methane compressor discharge is cooled first with ' 
water (CW-5) , then high stage propane (X-15) , is passed back through the 
methane economizer (X-14) and joins the feed gas stream ahead of the inter- 
stage ethylene chiller (X-5). 

Liquid produced in the low stage methane flash drum (H-6) is pumped to 
LNG storage tanks. Here it reaches its lowest pressure and temperature. 
Storage vapors produced due to reduction in pressure, heat leak, and vapor 
displacement are returned by means of a blower to the low stage methane 
refrigeration system ahead of the economizers (X-12 and X-13) (reference 29) . 




APPENDIX B 


COMPUTER PRINTOUT PAGES 
FOR FINAL DESIGNS OF 
LH 2 , LCH 4 , AND JET A AIRCRAFT 



Computer printout pages for final designs of 


LCH 4 , and Jet A Aircraft consisting of: 

• Configuration Geometry 

• Weight Summary 

• Cost Summary 

• Mission Summary 

• Point Design. 

All aircraft are designed for: 

400 Passengers 
Mach 0.85 

Range 10,190 (5500 n.mi.) 

TOFL 3200 m (10,500 ft) 
Approach speed 72 m/s (140 kt). 
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V 


I 


LIO. HYD. 63000 

IB P/L / 550CNMI. - sOO 

PAX / M .35 0001 




T/C=10 . 00 

AR = 9.00 

w/s=: 

119.00 

T/W=0 . 303 





C 0 

N F I G U R i 
• 

UION 

GEOnET 

R Y 




BASIC WING- 

AREArSQ FT) 

SPAN! FT) 

TAPER RATIO 

C/9 SWEEP 

L.E. SWEEP 

MAC(FT) 




30^6.2 

166.93 

0.300 

30.000 

32.509 

20.39 



WINS PANELS— 

AREA! SO FT) 

EXP. AREA 

AVG T/C 

L.E. SWEEP 

SFLEtSQ FT) 

REF L( FT) 




16E6.9 

1065.0 

11.11 

32.250 

0.0 

23.95 




921.6 

921.6 

10.23 

32.250 

0.0 

19.01 




819.7 

619.7 

9.20 

32.250 

0.0 

16.31 



TOTAL WING- 

AREACSQ FT) 

EFF AR 

AVG T/C 

CR(FT) 

CTCFT) 

. HACf( FT ) 

LCFT) 



3923.2 

6.19 

10.52 

29.06 

19.95 

21.30 

67 .61 


FUSELAGE— 

LENGTH! FT) 

S WET(SQ FT 

) BWW( FT ) 

EQUIV 0<m SPNSQ FTI 





215.60 

13775.0 

21.75 

23.19 

922.99 










B-l 




EW(FT) 

BH(FT) 

SBW! SO FT) 






21.75 

25.00 

13775.00 



FINAL DESIGN 


HORZ. TAIL 1— 

SHT1ISQ FT) 

SHXKSQ FT) 

REF LI (FT) 

L HT1CFT) 

HTl VOL COEF 


MACH 0.85 



569.69 

906.26 

11.97 

101.05 

0.9193 

lh 2 









400 

PASSENGER 


HORZ. TAIL 2 — 

SHT2! SQ FT) 

SHX2! SQ FT) 

REF L2( FT) 

L HT21FT) 

HT2 VOL COEF 





0.0 

0.0 

0.0 

215.60 

0.0 

10,190 Km (5500 n.mi) 


VERT. TAIL 1— 

SVTltSQ FT) 

SVXKSQ FT) 

REF Ll( FT ) 

L VT1CFT) 

VT1 VOL COEF 

TOFL 3200 m (10,500 

ft) 


263.29 

263.29 

19.07 

100.53 

0.0512 










APP 

SPEED 72 m/s (140 Kt) 

VERT. TAIL 2— 

SVT2! SQ FT) 

SVX2! SQ FT) 

REF L2CFT) 

L VT2( FT) 

VT2 VOL COEF 



ft 


0.0 

0.0 

0.0 

215.60 

0.0 




PROPULSION- 

ENG LIFT) 

ENG 0! FT ) 

POO L( FT ) 

POO D( FT ) 

POO S WET 

NO. PODS 

INLET LIFT) 



9.59 

6.12 

16.99 

6.66 

1921.87 

9. 

0.0 


FUEL TANKS— 

WINGtCU FT) 

BOX(CU FT) 

FUS( CU FT) 







26.31 

0.0 

15006.00 






WETTEO VOLUHES 

— BOOT 

WING 

TAILS 

POOS 

PYLONS 

PONTOONS 

TOTAL 



55512.79 

2923.51 

906.79 

2936.93 

59.19 

0.0 

61337.70 
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LIQ. HYD. 88000 IB P/L / 5500NMI. - 400 PAX / M .85 0001 

T/C=10.00 AR= 9.00 U/S=119.00 T/U=0.303 


WEIGHT STATEMENT 

WEIGHT( POUNDS) WEIGHT FRACTION (PERCENT) 


GROSS WEIGHT 
FUEL AVAILABLE 


368443. ) 
56164. 


EXTERNAL 

INTERNAL 

ZERO FUEL WEIGHT 
PAYLOAD 

PASSENGERS 

BAGGAGE 

CARGO 

STORES 

OPERATIONAL EMPTY WEIGHT 
. OPERATIONAL ITEMS 
STANDARD ITEMS 
EMPTY WEIGHT 
STRUCTURE 
WING 
ROTOR 
TAIL 
BODY 

ALIGHTING GEAR 
ENGINE SECTION AND NACELLE 
PROPULSION 

CRUISE ENGINES 
LIFT ENGINES 
THRUST REVERSER 
EXHAUST SYSTEM 
ENGINE CONTROL 
STARTING SYSTEM 
PROPELLERS 
LUERICATING SYSTEM 
FUEL SYSTEM 

DRIVE SYSTEM (POWER TRANS) 
SYSTEMS 

FLIGHT CONTROLS 
AUXILIARY POWER PLANT 
INSTRUMENTS 

HYDRAULIC AND PNEUMATIC 

ELECTRICAL 

AVIONICS 

ARMAMENT 

FURNISHINGS AND EQUIPMENT 
AIR CONDITIONING 
ANTI-ICING 
FHOTOGRAPHIC 
LOAD AND HANDLING 


0 . 

56163. 

312280. 

68000. 


60000. 

0. 

6000. 

0. 

224280. 

15732. 

4796. 

203752. 

118827. 

36239. 

0. 

3377. 

53477. 

' 19948. 

5786. 


32120. 

15393. 

0. 

1206. 

0. 

145. 

262. 

0. 

0 . 

15115. 

0. 

52805. 

4737. 

1116. 

1174. 

2765. 

5390. 

2261. 

0. 

28492. 


6504. 

345. 

0 . 

0 . 


FUEL 15.24 

PAYLOAD 23.88 

OPERATIONAL ITEMS 5.57 

STRUCTURE 32.25 


PROPULSION 8.72 


. SYSTEMS 14.33 


TOTAL ( 100.) 


% 


. > 


t 



#1 


1 1 


t 


RDT AND E 


TOTAL * 

DEVELOPMENT - NONRECURRING 


ENGINEERING 

959.23 

TCDLING 

589.69 

TEST ARTICLES 

56.79 

OATA 

0.0 

51 STEMS EN3/MKGMT 

0.0 

CRUISE ENGINE 

0.0 

LIFT ENGINE 

0.0 

PAN 

0.0 

AVIONICS 

0.0 

OTHER SYSTEMS 

0.0 

FACILITIES 

0.0 

TOTAL AIR VEHICLE 

1605.92 

INTEGR LOGISTICS SUPPORT 

planning 

10.21 

TRAINING 

3.47 

HANDBOOKS 

16.42 

SSE 

5.00 

TOTAL ILS 

37.10 

TOTAL OVLPMNT-NONREC 

1643.02 


DEVELOPMENT - RECUR! PROTOTYPES > 

AIR VEHICLE 

581.19 

SPARES 

111.60 

TOTAL OVLPMNT-RECUR 

692.99 

GOVMNT OVLPMNT COST 

0.0 

TOTAL OVLPMNT COST 

2336.01 


U> 

U> 


COST SUMMART 


STRUCTURE 

WINS 

ROTOR 

TAIL 

BOOT 

ALIGHTING GEAR 
ENG SECT ♦ NACELLE 
ENG SECTION 
NACELLE 
AIR INDUCTION 


PRODUCTION 

MATERIAL 
37*1. 61 

1225.03 
0.0 

110.92 

1530.04 
o24.07 
248.50 
0.0 

212.41 

36.03 


LABOR 

8306.11 

1974.51 
0.0 

273.53 

4766.95 

31.60 

1259.52 
0.0 

1171.17 

88.35 


TOTAL PER 
PROD A/C## 
12047.72 
3202.60 
0.0 

334.45 

6296.99 

655.67 

1508.02 

0.0 

1383.53 

124.43 


PROPULSION 344.03 

ENGINE INSTALL 0.0 

THRUST REVERSER 0.0 

EXHAUST SYSTEM 0.0 

ENGINE CONTROLS 2.48 

STARTING SYSTEM 26.00 

FROPELLER INSTALL 0.0 

LUERICATING SYSTEM 0.0 

FUEL SYSTEM 315.55 

DRIVE SYSIPWR TRN) 0.0 


1251.15 

19.35 

1.52 

0.0 

3.86 

4.76 

0.0 

0.0 

1221.67 

0.0 


1595.18 

19.35 

1.52 

0.0 

6.33 

30.76 

0.0 

0.0 

1537.22 

0.0 


SYSTEMS 

2388.46 

5694.57 

6063.03 

FLIGHT CONTROLS 

560.38 

410.52 

970.90 

AUX POWER PLANT 

124.14 

21.95 

146.09 

INSTRUMENTS 

96.38 

91.33 

167.71 

HYDRAULIC ♦ PNEUtl 

137.30 

361.67 

498.97 

ELECTRICAL 

404.00 

1112.65 

1516.85 

AVIONIC INSTALL 

30.00 

326.39 

356.39 

ARMAMENT 

0.0 

0.0 

0.0 

FURN AND EQUIP 

680.49 

2909.38 

3589.87 

AIR CONDITIONING 

337.65 

437.28 

775.13 

ANTI-ICING 

17.93 

23.20 

41.13 

PHOTOGRAPHIC 

0.0 

0.0 

0.0 

LOAD ANO HANDLING 

0.0 

0.0 

0.0 

SYSTEMS INTEGR 

436.01 

494.06 

930.06 

TOTAL COST 

6910.11 

15745.90 

22656.00 

TOTAL HRS ** 


563.69 

563.69 


ENG CHANGE ORDERS 
SUSTAINING ENG COST 
PRC3 TOOLING COST 
QUALITY ASSURANCE 
MISCELLANEOUS ### 

TOTAL AIRFRAME COST 


741.09 

1575.63 

1159.36 

2121.12 

733.07 

23936.27 


ENGINE COST 
AVIONICS COST 

TOTAL MANUFACTURING COST 


5529.57 

750.69 

35266.72 


WARRANTY 


176.66 


PROCUREMENT 

PER PROD A/C## 
TOTAL PRODUCTION 35443 . 57 

INTEGR LOGISTICS SUPPORT 


PLANNING 

27.97 

TRAINING 

9.51 

TRAINERS 

306.41 

HANDBOOKS 

35.54 

FACILITIES 

0.0 

SSE - CFE 

17.72 

SSE - GFE 

TOTAL ILS 

# 

924.99 

1324.13 

INITIAL SPARES COST 

5164.37 

PRODUCTION DEVELOPMENT 
ENGINEERING 

314.56 

TOOLING 

192.03 

ENGINES 

TOTAL PROD DEV 

0.0 

506.60 

TOTAL PROCUREMENT *2438 . 65 


# - MILLIONS OF DOLLARS 

## -1000 OF DOLLARS OR 
HOURS PER PROD A/C 

### - INCLUDES PROD DATA. 
SYSTEMS ENGR AND 
OTHER SYSTEMS 


TOTAL PRODUCTION COST 


35443.57 
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MISSION SUMMARY 

L IQ . H tD . 68000 LB P/L / 550CKMI. - 400 PAX / M .65 0001 


SEGMENT 

INIT 

ALTITUDE 
1 FT 1 

INIT 

MACH 

NO 

INIT 
WEIGHT 
( LB) 

SEGMT 

FUEL 

(LB) 

TOTAL 
FUEL 
( L6 ) 

SEGMT 
D1ST 
(N MI) 

TOTAL 
DIST 
(N MI) 

SEGMT 

TIME 

(MIN) 

TOTAL 

TIME 

(MIN) 

EXTERN 
STORE 
TAB ID 

ENGINE 
THRUST 
TAB ID 

EXTERN 
F TANK • 
TAB ID 

AVG 

L/O 

RATIO 

AVG 

SFC 

IFF/TI 

MAX 

OVER 

PRES 

TA* E CF F 

p:..er i 

Q. 

0.0 

36C443 . 

149. 

149. 

0 . 

0 . 

14.0 

14.0 

0. 

395501. 

0. 

0.0 

0.069 

0.0 

PCUEB 2 

0 . 

0.0 

366294. 

177. 

326. 

0 . 

0 . 

1.0 

15.0 

0. 

304401. 

0. 

0.0 

0.102 

0.0 

CLIMB 

0 . 

0.376 

368117. 

605. 

931. 

17. 

‘ 17. 

3.9 

16.9 

0. 

304201. . 

0. 

17.55 

0.159 

0.0 

ACCEL 

10000. 

0.456 

36 7512. 

203. 

1139. 

6. 

26. 

1.4 

20.3 

0. 

304201. 

0. 

15.93 

Q .176 

0.0 

CLIM3 

10000. 

0.636 

367304. 

3313. 

4452. 

244. 

269. 

30.1 

50.3 

0. 

304201. 

0. 

14.77 

0.205 

0.0 

CRUISE 

37000. 

0.650 

363991. 

41646. 

46096. 

5031. 

5300. 

619.1 

669.4 

0. 

-304101. 

0. 

17.15 

0.202 

0.0 

DESCENT 

39000. 

0.850 

322345. 

260. 

46358. 

62. 

5382. 

10.4 

679.9 

0. 

304301. 

0. 

13.62 

0.471 

0.0 

DEC EL 

10000. 

0.636 

322065. 

59. 

46417. 

12. 

5394. 

2.0 

661.9 

0. 

304301. 

0. 

15.33 

0.362 

0.0 

DESCENT 

10000. 

0.456 

322026. 

391. 

46603. 

54. 

5448. 

12.0 

693.9 

0. 

304301. 

0. 

17.23 

0.249 

0.0 

CRUISE 

39000. 

0.650 

321635. 

409. 

47216. 

52. 

5500. 

6.4 

700.3 

0. 

-304101. 

0. 

17.07 

0.202 

0.0 

LOITER 

1500. 

0.350 

321226. 

332. 

47543. 

0 . 

5500. 

6.0 

706.3 

0. 

-304101. 

0. 

17.35 

0.179 

0.0 

RESET 

0 . 

0.0 

320395. 

0 . 

47548. 

-5500. 

0 . 

0.0 

706.3 

0. 

0. 

0. 

0.0 

0.0 

0.0 

RESET 

0 . 

0.0 

320395. 

0 . 

47548. 

0 . 

0 . 

0.0 

706.3 

0 . 

0. 

0. 

0.0 

0.0 

0.0 

CRUISE 

39000. 

0.650 

320895. 

4455. 

52003. 

0 . 

0 . 

70.6 

777.0 

0. 

-304101. 

0. 

17.02 

0.202 

0.0 

TAKEOFF 
POWER 1 

0 . 

0.0 

316439. 

0 . 

52003. 

0. 

0 . 

0.0 

777.0 

0. 

395501. 

0. 

0.0 

0.069 

0.0 

POWER 2 

0 . 

0.0 

316439. 

177. 

52131. 

0 . 

0 . 

1.0 

773.0 

0. 

304401. 

0. 

0.0 

0.102 

O.Q 

CLIMB 

0 . 

0.378 

316262. 

437, 

52666. 

14. 

14. 

3.1 

761.1 

0. 

304201. 

0. 

17.12 

0.159 

0.0 

ACCEL 

10000. 

0.456 

315775. 

74. 

52742. 

3. 

17. 

0.5 

761.6 

0. 

' 304201. 

0. 

16.09 

0.170 

0.0 

CLIMB 

10000. 

0.547 

315701. 

1060. 

53302. 

58. 

75. 

6.6 

790.3 

0. 

•304201. 

0. 

15.21 

0.167 

0.0 

CRUISE 

30000. 

0.730 

314640. 

0 . 

53802. 

0 . 

75. 

0.0 

790.3 

0 . 

-304101. 

0. 

16.43 

0.192 

0.0 

DESCENT 

30000. 

0.700 

314640. 

274. 

54076. 

70. 

145. 

10.6 

600.9 

0. 

304301. 

0. 

15.26 

0.369 

0.0 

DECEL 

10000. 

0.547 

314367. 

34. 

54110. 

6. 

151. 

1.2 

602.1 

• °* 

304301. 

0. 

16.15 

0.297 

0.0 

DESCENT 

10000. 

0.456 

314333. 

322. 

54432. 

45. 

196. 

10.0 

612.1 

0. 

304301. 

0. 

17.12 

0.251 

0.0 

CRUISE 

30000. 

0.730 

314011. 

31. 

54463. 

4. 

200. 

0.5 

612.6 

0. 

-304101. 

0. 

16.42 

0.192 

0.0 

LOITER 

1500. 

0.343 

313979. 

1616. 

56079. 

0 . 

200. 

30.0 

642.6 

0. 

-304101. 

0. 

17.29 

0.176 

0 0 


UTO * 366443 . 1 FUEL A= 56163.5 FUEL R* 56079.3 



t;/. <* 


SL'MMAR I 


NO. 


AIRCRAFT MODEL --L 1317-1-1 


I.G.C. 0 ATE 
DESIGN SrcEO 


--1975 

--SU23CNIC 


1 w 5 

2 r/u 

3 -3 
9 T, C 

5 sweep 

6 FFR 

7 CrR 
3 TIT 
9 N.-R 

10 AUG T 

11 RADIUS N. MI 


21 


23 


u> 

LO 

U> 


12 GROSS WEIGHT 

13 FUEL WEIGHT 
19 CP. WT. EMPTY 

15 ZERO FUEL WT. 

16 TKRUST/ENSINE 

17 ENGINE SCALE 
13 WING AREA 

19 WING SPAM 

20 H. TAIL AREA 
V. TAIL AREA 
ENG. LENGTH 
ENG. DIAMETER 

29 ECDT LENGTH 

25 WING FUEL LIMIT 
COST DATA 

26 ROTE - BIL. 

27 FLYAWAY - MIL. 

23 INYESTNNT-3IL. 

29 OCC - C/SM 

30 ICC - C/SM 

31 POI A.T. - 0/0 
MISSION PARAMETERS 

32 MISN Vlll.i) 

33 MISN V2( 1,1) 
CONSTRAINT O’JTFUT 

39 TAKEOFF 0ST(1 1 10960 

35 CLIMB GRAO(l) 0.0339 

36 TAKEOFF 0ST<2) 9312 

37 CLIMB GRAD ( 2 1 0,0379 

33 CTGL LNDG 0( 1 I 5901 
39 AP SPEED-KTU) 139.3 

90 SEF( 1) - FPS 6 

91 SEP( 2) - FPS 3 


119.0 
0.303 

9.00 

10.00 

30.00 

0.0 

0.0 

0. 

0.0 

0. 

5500 

368993 

56169 

229230 

312230 

27910 

0.896 

3096. 

166.9 

569.3 

263.2 

9.59 

6.12 

215.6 

0.002 

2.336 

92.62 

0.932 

1.591 

1.262 

21.99 

37000 

97593 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 

0.0 

0 . 

0 

0 

0 

0 

0 

0 

0.0 

0 . 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 


ASSET PARAMETRIC 

ENGINE I . 0 . — 309000 
SLS SCALE 1.0 = 33000 

NUMGER OF ENGINES = 9. 


ANALYSIS 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 . 

0.0 

0 . 

0 

0 

0 

0 

0 

0 

0.0 

0 . 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 

0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 

0.0 

0. 

0 

0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 

0.0 

0. 

0 

0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 

0.0 

0. 

0 

0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 


).0 

).0 


0.0 


0.0 


0.0 


0.0 


0 

0.0 

0 

0 


0 

0.0 

0 

0 


0 

0.0 

0 

0 


0 

0 

0 

3.0 0 

0 

).0 0 

0 

0.0 

0 

0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 

0.0 

0. 

0 

0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 

0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 

0.0 

0. 

0 

0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 

0.0 

0. 

0 

0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 


MAY 29 1979 

WING CUARTER CHORD SWEEP = 30.00 DEG 
WING TAPER RATIO = 0.300 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 

0.0 

0. 

0 

0 

0 

0 

0 

0 

0.0 

0. 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 

0.0 

0. 

0 

0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 

0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 

0.0 

0. 

0 

0 

p 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 


0.0 
0.0 
0.0 
0.0 
0.0 • 
0.0 
0.0 
0. 
0.0 
0. 

0 

0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 

0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 

0.0 

0. 

0 

0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 

0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 . 

0.0 

0 . 

0 

0 

0 

0 

0 

0 

0.0 

0 . 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 . 

0.0 

0 . 

0 

0 

0 

0 

0 

0 

0.0 

0 . 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 

0 


.0 

.0 


0.0 


0.0 


0.0 


0 

0.0 

0 

0 


0 0 0 
0.0 0.0 0.0 0.0 


0 0 0 0 0 0 
°*° °«° 0-0 0.0 0.0 0.0 0.0 
0 0 0 0 0 o 

■0 0.0 0.0 0.0 0.0 0.0 

0 0 ° 0 0 0 0 0 0 0 

0.0 0.0 0.0 0.0 0.0 0.0 
oooooooo 

°P0000rto 


0.0 


0.0 

0 

0 


0.0 

0 

0 



mss 


hETHAHE /eeooo LB P/L / 5500 KMX RNG / H -85 


T/C 

= 9.73 

AR = 9.00 

W/S = 

135.0 T/W = 0.30 



CON 

F I G U R A 

T I 0 N 

G E 0 H E T R 

Y 


BASIC WING— 

AREA! SO FT) 
3618.3 

SPAN) FT) TAPER RATIO 
180.96 0.300 

C/9 SWEEP L 
30.000 

.E. SWEEP 
32.504 

MAC) FT ) 
21.99 

WING PANELS— 

AREA(SQ FT) 
1976.2 
1192.1 
550.0 

EXP. AREA 
1370.9 
1142.1 
550.0 

AVG T/C 
10.90 
9.67 
8.79 

L.E. SWEEP 
32.250 
32.250 
32.250 

SFLEISQ FT) 
0.0 
0.0 
0.0 

REF LIFT) 
25.69 
18.77 
12.93 

TOTAL WING- 

AREA) SO FT) 
3668.3 

EFF AR 
8.63 

AVG T/C 
10.32 

CR(FT) 

31.56 

CTCFT) 

9.25 

MAC) FT) 
22.29 

FUSELAGE— 

LENGTH) FT) 
201.30 

S WETtSq FT) 
11686.0 

BWW) FT) 
20.00 

EQUIV OFT) 
22.37 

SPK SQ FT) 
393.00 



BW)FT) 

20.00 

BH(FT) 

25.00 

SBW) SQ FT) 
11686.00 




UFT) 

66.18 


B-2 

FINAL DESIGN 


HORZ. TAIL 1— SHTHSQ FT) 
791.33 

HORZ. TAIL 2— SHT2)SQ FT) 
0.0 

SHXKSq FT) 
592.76 

SHX2)SG FT) 
0.0 

REF Ll(FT) 
12.23 

REF 12( FT) 
0.0 

L HT1CFT) 
94*61 

L HT2CFT) 
201.30 

HTl VOL COEF 
0.8815 

HT2 VOL COEF 
0.0 


LCH, MACH 0.85 
4 

400 PASSENGER 
10,190 km (5500 n.mi) 

VERT. TAIL 1— SVTDSQ FT) 
391.82 

VERT. TAIL 2— SVT2)Sq FT) 
0.0 

SVXUSq FT) 
391.82 

SVX2)Sq FT) 
0.0 

REF L1C FT) 
16.75 

REF L2( FT) 
0.0 

L VT1CFT) 
95.34 

L VT2( FT) 
201.30 

VT1 VOL COEF 
0.0572 

VT2 VOL COEF 
0.0 


APP SPEED 72 m/s (140 kt) 
TOFL 3200 m (10,500 ft) 

PROPULSION— ENG L(FT) 

10.29 

ENG OFT) 
6.98 

POO UFT) 
21.30 

POD O(FT) 
8.38 

POO S WET 
2292.30 

NO. POOS 
9. 

INLET LIFT) 
0.0 

FUEL TANKS— WING)CU FT) 

29.35 

BOX) CU FT) 
0.0 

FUS(CU FT) 
6065.00 





WETTED VOLUMES— BOOT 

53625.75 

WING 

3260.89 

TAILS 

677.39 

POOS 

4696.76 

PYLONS 

198.71 

PONTOONS 

0.0 

TOTAL 

62909.99 
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PROCUREMENT 


PER PR 00 A/C«» 
TOTAL PRODUCTION 30569,17 

INTEGR LOGISTICS SUPPORT 


HANDBOOKS 


FACILITIES 


SSE - CFE 


SSE - 6FE 

TOTAL ILS 


924.99 

1335.14 


INITIAL SPARES COST 5632.32 

PRODUCTION DEVELOPMENT 
ENGINEERING 346.70 


ENGINES 

TOTAL PR 00 DEV 


0.0 

497.25 


24660.46 

607.74 


TOTAL PROCUREMENT 46053.67 


606.62 

1758.67 

1249.97 

2286.66 

790.35 

31573.10 

6072.62 

750.69 

38396.60 


* - MILLIONS OF DOLLARS 

** -1000 OF OOLLARS OR 
HOURS FER PROD A/C 

*** - INCLUDES PROO DATA, 
STSTEMS ENGR AUO 
OTHER SYSTEMS 


38589.17 
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METHANE /88000 LB P/L / 5500 NMI RNG / M .85 


mss 


i 

T/C = 9.73 


GPOSS WEIGHT 
FUEL AVAILABLE 
EXTERNAL 
INTERNAL 

ZERO FUEL WEIGHT 
PAYLOAD 

PASSENGERS 

BAGGAGE 

CARGO 

STORES 

OPERATIONAL EMPTY WEIGHT 
OPERATIONAL ITEMS 
STANOARO ITEMS 
EMPTY WEIGHT 
STRUCTURE 
WING 
ROTOR 
TAIL 
BODY 

ALIGHTING GEAR 
ENGINE SECTION AND NACELLE 
PROPULSION 

CRUISE ENGINES 
LIFT ENGINES 
THRUST REVERSER 
EXHAUST SYSTEM 
ENGINE CONTROL 
STARTING SYSTEM 
PROPELLERS 
LUBRICATING SYSTEM 
FUEL SYSTEM 

DRIVE SYSTEM (POWER TRANS) 
SYSTEMS 

FLIGHT CONTROLS 
AUXILIARY POWER PLANT 
INSTRUMENTS 

HYDRAULIC AND PNEUMATIC 

ELECTRICAL 

AVIONICS 

ARMAMENT 

FURNISHINGS AND EQUIPMENT 
AIR CONDITIONING 
ANTI-ICING 
PHOTOGRAPHIC 
LOAD AND HANDLING 


AR = 9.00 W/S = 135.0 


WEIGHT STATEMENT 

WEIGHT( POUNDS) 

( 488470 . ) 

152326. 

0 . 

152326. 

336144. 

88000. 

80000. 

0 . 

8000. 

0 . 

248144. 

15774. 

5330. 

227039. 

135277. 

50015. 

0. 

3969. 

52569. 

21125. 

7600. 

37311. 

20003. 

0. 

1439. 

0. 

189. 

340. 

0. 

0. 

15341. 

0. 

54451. 

6028. 

1116. 

1173. 

3113. 

5382. 

2261. 

0. 

28492. 

6504. 

382. 

0. 

0. 


T/W = 0.30 


WEIGHT FRACTION (PERCENT) 

FUEL 31.18 

PAYLOAD 18.02 

OPERATIONAL ITEMS 4.32 

» 

STRUCTURE 27.69 


PROPULSION 7.64 


SYSTEMS 11.15 


TOTAL ( 100.) 


t 


ji 


X 
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< 


ii. 





NISSI 

0 N 

s U 

% r r 

METHANE /60000 LB P/L / 5500 NMI RNG / M .05 



mss 


SEGMENT 

INIT INIT 

ALTITUDE MACH 
(FT) NO 

INIT 
WEIGHT 
1 LB) 

SEGMT TOTAL 
FUEL FUEL 

(LB) (LB) 

SEGMT 
DIST 
(N MI) 

TOTAL 
OIST 
(N MI) 

SEGMT 

TIME 

(MIN) 

TOTAL 

TIME 

(MIN) 

takeoff 

POWER 1 

0. 0.0 

400470. 

194. 394. 

0. 

0. 

14.0 

14.0 

POWER 2 

0. 0.0 

400074. 

494. 090. 

0. 

0. 

l.t 

15.0 

CLIfB 

0. 0.170 

407500. 

1971. 2041. 

10. 

10. 

4.1 

19.1 

ACCEL 

10000. 0.454 

405409. 

634. 1497. 

0. 

27. 

1.4 

20.5 

cure 

10000. 0.410 

404971. 

0091. 11591. 

195. 

221. 

E4.1 

44.4 

CRUISE 

37000. 0.050 

474079. 

114277. 125047. 

5079. 

5300. 

624.7 

449.4 

DESCENT 

42000. 0.050 

162403. 

373. 126240. 

50. 

5350. 

7. J 

676.7 

DECEL 

10000. 0.410 

34 22 29. 

71. 126111. 

6. 

5344. 

1.0 

477.7 

DESCENT 

10000. 0.454 

142159. 

107. 126697. 

22. 

5306. 

5.0 

602.7 

CRUISE 

42000. 0.050 

341772. 

2251. 120940. 

114. 

5500. 

14.0 

694.7 

LOITER 

1500. 0.150 

359521. 

904. 129052. 

0. 

5500. 

4.0 

702.7 

RESET 

0. 0.0 

150410. 

0. 129052. 

-5500. 

0. 

0.0 

702.7 

RESET 

0. 0.0 

350410. 

0. 129052. 

0. 

0. 

0.0 

702.7 

CRuise 

42000. 0.050 

350410. 

11009. 140941. 

0. 

0. 

70.3 

773.0 

TAKEOFF 
POWER 1 

0. 0.0 

347520. 

0. 140941. 

0. 

0. 

0.0 

773.0 

POWER 2 

0. 0.0 

147520. 

494. 141417. 

0. 

0. 

1.0 

774.0 

_cum 

ft. 0.370 

347032. 

1210. 142447. 

11. 

11. 

2.5 

776.5 

ACCEL 

19000. 0.454 

345023. 

179. 142026. 

E. 

13. 

0.4 

776.9 

cum 

10000. 0.547 

345443. 

1621. 145449. 

49. 

43. 

7.4 

704.3 

cause 

30P00. 0.725 

343020. 

023. 144273. 

37. 

100. 

5.2 

709.6 

DESCENT 

30000. 0.700 

342194. 

300. .144573. 

37. 

137. 

5.4 

795.2 

DECEL 

10000. 0.547 

341094. 

37. 144410. 

3. 

140. 

0.4 

795.0 

DESCENT 

10000. 0.454 

341059. 

30$. 144917. 

19. 

159. 

4.1 

799.9 

CRUISE 

30000. 0.720 

341552. 

904. 147024. 

41. 

200. 

5.0 

005.7 

LOITER 

c 

1500. 0.310 

340445. 

4299. 152122. 

0. 

E00. 

30.0 

c 

035.7 

( 



• 



r 


CRUISE 

1500. 0.370 

334347. 

301. 152423. 

0. 

200. 

V, 

2.0 037.7 

NTO • 400449.9 FUEL A> 152124. 3 

FUEL 0*152423.4 





EXTERN ENGINE 
STORE THRUST 
TAB ID TAB ID 

EXTERN 
F TAMC 
TAB ID 

A VC 
L/D 
RATIO 

avg 

SFC 
iff/ T) 

MAX 

OVER 

PRES 

0. 395501. 

0. 

0.0 

0.182 

0.0 

0. 395402. 

0. 

0.0 

0.251 

0.0 

0. 195201. 

0. 

10.24 

0.307 

0.0 

0. 395201. 

0. 

17.92 

0.434 

0.0 

0. 395201. 

0. 

17.04 

0.490 

0.0 

0. -195101. 

0 . 

10.70 

0.492 

0.0 

0. 312301. 

0 . 

15.00 

-0.309 

0.0 

0. 312301. 

0. 

16.20 

-0.322 

0.0 

0. 312301. 

0 . 

18.24 

-0.503 

0.0 

0. -395101. 

0 . 

10.51 

0.495 

0.0 

0. -195101. 

0. 

10.33 

0.441 

0.0 

0. 0. 

0. 

0.0 

0.0 

0.0 

0. 0. 

0. 

0.0 

0.0 

0.0 

0. -195101. 

0 . 

18.45 

0.49$ 

0.0 

0. 395501. 

0. 

0.0 

0.102 

0.0 

0. 395402. 

0. 

0.0 

0.251 

0.0 

0. 395201. 

0. 

17.90 

0.307 

0.0 

' 0. 395201. 

0. 

14.09 

0.414 

0.0 

. .0. 395201. 

0 . 

14.10 

0.453 

0.0 

0. -395101. 

0 . 

17.10 

0.476 

0.0 

0. 312301. 

0. 

15.94 

-0.260 

0.0 

0. 312301. 

0. 

16.07 

-0.359 

0.0 

0. 312301. 

0 . 

17.96 

-0.407 

0.0 

0. -395101. 

0 . 

17.34 

0.474 

0.0 

0. -395101. 

0 . 

10.24 

0.444 

0.0 


0. -395101. 0. 10.10 0.407 0.0 



338 


METHANE 
T/C = 9.73 


GROSS WEIGHT 
FUEL AVAILABLE 
EXTERNAL 
INTERNAL 

ZERO FUEL WEIGHT 
PAYLOAD 

PASSENGERS 

BAGGAGE 

CARGO 

STORES 

OPERATIONAL EMPTY WEIGHT 
OPERATIONAL ITEMS 
STANDARD ITEMS 
EMPTY WEIGHT 
STRUCTURE 
WING 
ROTOR 
TAIL 
BOOY 

ALIGHTING GEAR 
ENGINE SECTION AND NACELLE 
PROPULSION 

CRUISE ENGINES 
LIFT ENGINES 
THRUST REVERSER 
EXHAUST SYSTEM 
ENGINE CONTROL 
STARTING SYSTEM 
PROPELLERS 
LUBRICATING SYSTEM 
FUEL SYSTEM 

DRIVE SYSTEM (POWER TRANS) 
SYSTEMS 

FLIGHT CONTROLS 
AUXILIARY POWER PUNT 
INSTRUMENTS 

HYDRAULIC AND PNEUMATIC 

ELECTRICAL 

AVIONICS 

ARMAMENT 

FURNISHINGS AND EQUIPMENT 
AIR CONDITIONING 
ANTI-ICING 
PHOTOGRAPHIC 
LOAD AND HANDLING 




/flflOOO LB P/L / 5500 NMI RN(?V M .65 
AR = 9.00 W/S = 135.0 


WEIGHT STATEMENT 

WEIGHT! POUNDS) 

( 468 * 70 .) 

152326. 

0. 

152326. 

336144. 

68000. 

60000. 

0 . 

8000. 

0 . 

246144. 

15774. 

5330. 

227039. 

135277. 

50015. 

0. 

3969. 

52569. 

21125. 

7600. 

37311. 

20003. 

0. 

1439. 

0 . 

189. 

340. 

0. 

0. 

15341. 

0. 

54451. 

6026. 

1116. 

1173. 

3113. 

5362. 

2261. 

0. 

26492. 

6504. 

362. 

0. 

0. 


MISS 

T/W = 0.30 


WEIGHT FRACTION (PERCENT) 

FUEL 31.18 

PAYLOAD 16.02 

OPERATIONAL ITEMS 4.32 

STRUCTURE 27.69 


PROPULSION 7.66 


SYSTEMS 11.15 


( ICO.) 


n 


TOTAL 



c 


SUMHAR X 10 NO. 1 

AIRCRAFT MOOEL --CU391-I-1 
I.O.C. DATE — I99S 

DESIGN SPEED — SUDSONIC 

1 W/S 135.0 

2 T/W 0.297 0 

3 AR 9.00 

* T/C 9.73 

5 SWEEP 30.00 

6 FPR 0.0 

7 OPR 0.0 

a TIT o. 

9 NPR 0.0 

10 AUG T 0. 

11 RAOIUS N. MI 5500 


12 GROSS WEIGHT 488470 

13 FUEL WEIGHT 152326 

14 OP. WT. EMPTY 248144 

15 ZERO FUEL WT. 336144 

16 THRUST/EHGINE 36269 

17 ENGINE SCALE 1.099 

18 WING AREA 3618. 

19 WING SPAN 180.5 

20 H. TAIL AREA 741.3 

21 V. TAIL AREA 391.8 

22 ENG. LENGTH 10.24 

23 ENG. DIAMETER 6.98 

24 BODY LENGTH 201.3 

25 WING FUEL LIMIT 0.005 
COST DATA 

26 RDTE - BIL. 2.627 

27 FLYAWAY - MIL. 46.59 

28 INVESTHNT-BIL. 1.071 

29 DOC - C/SM 1.510 

30 IOC - C/SM 1.284 

31 ROI A.T. - 0/0 21.15 

MISSION PARAMETERS 

32 MISN Vl(l,l) 37000 

33 MISN V2( 1 » I ) 129852 

34 MISN Vl(M) 42000 

35 MISN V2( 2*1) 45972 

CONSTRAINT OUTPUT 

36 TAKEOFF 0ST( 1 ) 10433 

37 CLIMB GRAOU) 0.0792 0, 

38 TAKEOFF DSTI 2 ) 10336 

39 CLIMB GRAOm 0.0300 0, 

40 CTOL LNOG D(l) 5761 

41 AP SPEED-KTCU 136-7 

42 SEP( 1) - FPS 9 

43 SEPC 21 - FPS 5 


2.627 

46.59 

1.071 

1.510 

1.284 

21.15 

37000 

129852 

42000 

45972 


0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


ASSET PARANETRI C ANALYSIS 

ENGINE I.D. — 395000 
SLS SCALE 1.0 = 33000 

NUMBER OF ENGINES = 4. 


FEBRUARY 14 1979 

WING QUARTER CHORD SWEEP = 30.00 DEG 
WING TAPER RATIO = 0.300 


0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0 

0 

0 

0 

• 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0 

0 

0 

0 

0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


0 

0 0, 

0 

0 0. 

0 

0.0 

0 

0 


0 

0 o, 

0 

0 o. 

0 

0.0 

0 

0 


0 

0 

0 

0 

0 

0.0 

0 . 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


o o 

0 0.0 o. 

0 0 

0 0.0 o. 

0 o 

0.0 0.0 

0 o 

0 0 



JETA 


/eeooo LB P/L / 5500 NMI RNG / M .85 


MISS 


T/C=10.00 AR= 9.00 H/S=130.00 


T/W=0.297 


CONFIGURATION GEOMETRY 


BASIC WING— 

AREA1SQ FT) 
3787.1 

SPAN! FT) 
189.62 

TAPER RATIO 
0.300 

C/9 SWEEP 
30.000 

L.E. SWEEP 
32.509 

MAC(FT) 

22.50 

WING PANELS— 

AREA(SQ FT) 
5^2.5 

1739.3 

1911.3 
37.6 

EXP. AREA 
0.0 
1712.6 
1911.3 
37.6 

AVG T/C 
11.80 
11.22 
10.01 
8.55 

L.E. SWEEP 
32.250 

32.250 

33.250 

32.250 

SFLE! S3 FT) 
0.0 
0.0 
0.0 
0.0 

REF L( FT) 
92.61 
32.92 
17.68 
9.70 

TOTAL WING- 

AREAtSQ FT) 
9230.7 

EFF AR 
8.06 

AVG T/C 
10.73 

CR(FT) 

99.29 

CT(FT) 

9.97 

MAC (FT) 
27.12 

FUSELAGE— 

LENGTH! FT) 
197.00 

S WET! SQ FT 
10519.5 

) BUM! FT ) 

13.39 

EQUIV D(FT) SPKSq FT) 
21.36 358.90 



BW! FT ) 
19.17 

BH(FT) 

23.75 

SBW(SQ FT) 
10519.50 




HORZ. TAIL I— 

SHTHSQ FT) 
728.99 

SHXKSQ FT) 
591.58 

REF 111 FT ) 
13.16 

L HT1! FT ) 
101.35 

HTl VOL COEF 
0.6666 


HQRZ. TAIL 2— 

SHT2! SQ FT) 
0.0 

SHX21SQ FT) 
0.0 

REF 12! FT ) 
0.0 

L HT2! FT ) 
197.00 

HT2 VOL COEF 
0.0 


VERT. TAIL 1— 

SVTUSQ FT) 
390.93 

SVXKSQ FT) 
390.93 

REF LI! FT ) 
16.01 

L VT1! FT ) 
97.15 

VT1 VOL COEF 
0.0979 


VERT. TAIL 2 — 

SVT2! SQ FT) 
0.0 

SVX2! SQ FT) 
0.0 

REF L21FT) 
0.0 

L VT2! FT ) 
197.00 

VT2 VOL COEF 
0.0 


PROPULSION— 

ENG .LIFT) 
10.26 

ENG D( FT) 
7.01 

POO L( FT) 
18.19 

POD 0! FT ) 
8.76 

POD S WET 
1997.83 

NO. PODS 
9. 


L(FT) 

69.12 


B-3 

FINAL DESIGN 
JET A MACH 0.85 
400 PASSENGER 
10,190 km (5500 n.mi.) 

APP SPEED 72 m/s (140 Kt) 
TOFL 3200 m (10,500 ft) 

INLET L(FT) 

0.0 


FUEL TANKS— 

WINGCCU FT) 
3656.03 

BOXCCU FT) 
896.62 

FUS! Cl) FT) 
99999.00 



WETTEO VOLUMES- 

- BODTT 

53991.25 

WINS 

9896.89 

TAILS 

616.20 

PODS 

9376.20 

PYLONS 

83.76 


F0NTC3NS TOTAL 
0.0 6391**. 25 



c » 


u> 


JETA /8S0G0 LB P/L / 5500 NMI RKG / M .85 


MISS 


T/C=10.C0 


AR= 9.00 W/S=130.00 T/W=0.297 


WEIGHT STATEMENT 


WEIGHT( POUNDS) 


GROSS WEIGHT ( 4 9231a ) 

FUEL AVAILABLE 179698* 

EXTERNAL 0. 

INTEPNXL 179699. 

ZERO FUEL WEIGHT 312620. 

FAlLCAD 88000. 

PASSENGERS 80000. 

BAGGAGE 0, 

CARGO 8000. 

STORES 0. 

OPERATIONAL EMPTY WEIGHT 224620 

OPERATIONAL ITEMS 15776. 

STANDARD ITEMS 3833. 

EMPTY WEIGHT 205011 

STRUCTURE 126129. 

WING 49200. 

ROTOR 0# 

TA IC 3796.* 

BODY 44180. 

ALIGHTING GEAR 21291. 

ENGINE SECTION AND NACELLE 7662 ! 

PROPULSION 24364 

CRUISE ENGINES 20160. 

LIFT ENGINES 0.* 

THRUST REVERSER 1<**7 

EXHAUST SYSTEM 0 ! 

ENGINE CONTROL 190. 

STARTING SYSTEM 3 ^ 3 * 

FPCPELLERS 0 ! 

LUBRICATING SYSTEM 0 

FUEL SYSTEM 2224 

DRIVE SYSTEM < FCNER TRANS I o! 

SYSTEMS 545X0. 

FLIGHT CONTROLS 6069. 

AUXILIARY POWER PLANT 1116. 

INSTRUMENTS U72. 

HTORAULIC AND PNEUMATIC 3135.* 

ELECTRICAL 5331. 

AVIONICS 2C61. 

ARMAMENT 0. 

FURNISHINGS AND EQUIPMENT 26492 ! 

AIR CONDITIONING 6*04. 

ANTI-ICING 387 

PHOTOGRAPHIC * 0. 

LOAD AND HANDLING o! 


WEIGHT FRACTION 


FUEL 


PAYLOAD 


OPERATIONAL ITEMS 


STRUCTURE 


PROPULSION 


SYSTEMS 


/ 


I PERCENT) 
36.50 

17.87 

3.95 
25.62 

4.95 


11.07 


TOTAL 


l 


100 . ) 
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COST SUMMARY 


TOTAL « 

DEVELOPMENT - NONRECURRING 

ENGINEERING 1014.62 

TOOLING 588.40 

TEST ARTICLES 54.69 

DATA 0.0 

SYSTEMS ENG/MNGMT 0.0 

CRUISE ENGINE 0.0 

LIFT ENGINE 0.0 

FAN 0.0 

AVIONICS 0.0 

OTHER SYSTEMS 0.0 

FACILITIES 0.0 

TOTAL AIR VEHICLE 1657.71 

INTEGR LOGISTICS SUPPORT 
PLANNING 10.94 

TRAINING 3.72 

H-.n:EOOKS 22.95 

SSE 5.36 

TOTAL ILS 42.96 

TOTAL OVLPMNT-NONREC 1700.69 


DEVELOPMENT - RECURt PROTOTYPES > 

AIR VEHICLE 569.15 

SPARES 109.84 

TOTAL OVLPMNT-RECUR 678. 9S 

GOVMNT DVLPMMT COST 0.0 

TOTAL DVLPMNT COST 2379 . tt 


STRUCTURE 

WING 

ROTOR 

TAIL 

BOOT 

ALIGHTING GEAR 
ENG SECT ♦ NACELLE 
ENG SECTION 
NACELLE 
AIR INDUCTION 


PRODUCTION 

MATEPIAL 

4019.97 

1667.14 

0.0 

124.67 

1235.14 
666.03 
327.00 
0.0 

278.18 

48.81 


LABOR 

8518.75 

2679.70 

0.0 

307.34 

3845.13 

33.72 

1652.87 

0.0 

1533.39 

119.48 


TOTAL PER 
PROD A/C*» 
12538.72 

4346184 

0.0 

432.01 

5030.27 

699.74 

1979.86 

0.0 

1811.57 

168.29 


PROCUREMENT 

PER PR 00 A/C»« 
TOTAL PRODUCTION 34959.84 

INTEGR LOGISTICS SUPPORT 

PUNNING 29.52 

TRAINING 10.04 

TRAINERS 308.41 

HANDBOOKS 40.30 


0.0 

0.0 

PROPULSION 

127.76 

142.44 

270.20 

FACILITIES 

0.0 

0.0 

ENGINE INSTALL 

0.0 

25.34 

25.34 



1657.71 

THRU5T REVERSER 

0.0 

1.82 

1.82 

SSE - CFE 

17.46 


EXHAUST SYSTEM 

0.0 

0.0 

0.0 



r 

ENGINE CONTROLS 

3.25 

5.05 

8.29 

SSE - 6FE 

924.99 

10.94 

STARTING SYSTEM 

34.05 

6.23 

40.29 

TOTAL ILS 

1330.73 

3.72 

PROPELLER INSTALL 

0.0 

0.0 

0.0 



22.95 

LUBRICATING SYSTEM 

0.0 

0.0 

0.0 



5.36 

FUEL SYSTEM 

90.46 

104.00 

194.46 

INITIAL SPARES COST 

5133.88 

42.98 

DRIVE SYSCPWR TRNI 

0.0 

0.0 

0.0 








PRODUCTION DEVELOPMENT 


1700.69 

SYSTEMS 

2564.44 

5854.12 

6418.55 

ENGINEERING 

331.98 


FLIGHT CONTROLS 

717.90 

525.77 

1243.67 




AUX POWER PLANT 

124.13 

21.94 

146.07 

TOOLING 

252.92 

TOTYPES > 

INSTRUMENTS 

96.26 

91.19 

187.45 


0.0 


HYORAULIC ♦ PNEUM 

154.54 

406.97 

561.51 

ENGINES 

569.15 

ELECTRICAL 

403.26 

1110.49 

1513.74 

TOTAL PROO DEV 

564.90 

109.84 

AVIONIC INSTALL 

30.00 

326.27 

356.27 




ARMAMENT 

0.0 

0.0 

0.0 



678.99 

FURN ANO EQUIP 

680.43 

2908.32 

3588.75 




AIR CONDITIONING 

337.82 

437.13 

774.94 

TOTAL PROCUREMENT 

42009.32 

0.0 

ANTI-ICING 

20.11 

26.03 

46.14 




PHOTOGRAPHIC 

0.0 

0.0 

0.0 




LOAD ANO HANDLING 

0.0 

0.0 

0.0 



2379.68 

SYSTEMS INTEGR 

438.67 

496.94 

935.61 




TOTAL COST 

7150.83 

15012.25 

“ 22163.07 




TOTAL HRS *• 


537.43 

537.43 




ENG CHANGE ORDERS 
SUSTAINING ENG COST 
FROD TOOLING COST 
QUALITY A35UPANCE 
MISCELLANEOUS *** 

TOTAL AIRFRAME COST 

ENGINE COST 
AVIONICS COST 

TOTAL MANUFACTURING COST 


723.44 

1633.68 

1105.36 

2022.29 

696.91 

28346.93 

5669.02 

750.89 

34786.83 


* - MILLIONS OF OOLURS 

ft* -1000 OF OOLLARS OR 
HOURS PER PROO A/C 

**« - INCLUDES PROO DATA* 
SYSTEMS ENGR ANO 
OTHER SYSTEMS 


TOTAL PRODUCTION COST 


34959.84 
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mssiOH 


SUMMARY 


JETA /66000 LB P/L / 5500 HMI RNG / M .05 MISS 


SEGMENT 

IMIT 

ALTITUOE 
(FT I 

INIT 

MACH 

NO 

INIT 
WEIGHT 
I LB 1 

5EGMT TOTAL 
FUEL FUEL 
(LSI (LSI 

SEGHT 
01ST 
<N hi ) 

TOTAL 
OIST 
(N MI) 

SEGMT 

TIME 

(MIN) 

TOTAL 

TIME 

(MIN) 

EXTERN 
STORE 
TAB 10 

ENGINE 
THRUST 
TAB ID 

EXTERN 
F TANK 
TAB ID 

AVG 

L/O 

RATIO 

AVG 

SFC 

IFF/TI 

MAX 

OVER 

RRE3 

TAKEOFF 
POWER 1 

0. 

0.0 

492316. 

1707. 1707. 

0. 

0. 

14.0 

14.0 

0. 

315501. 

0. 

0.0 

0*760 

0.0 

POUER 2 

0. 

0.0 

490612. 

666. 2394. 

0. 

0. 

1.0 

15.0 

0. 

315401. 

0. 

0.0 

0.304 

0.0 

CL IMS 

0. 

0.370 

469024. 

2368. 4762. 

16. 

18. 

4.0 

19.0 

0. 

315201. 

0. 

16.93 

0.474 

0.0 

ACCEL 

10000. 

0.456 

4A75S6. 

767. 5529. 

6. 

26. 

1.4 

20.4 

0. 

315201. 

0. 

16.31 

0.531 

0.0 

CLIMB 

10000. 

0.636 

466769. 

10152. 15661. 

202. 

229. 

25.1 

45. S 

0. 

315201. 

0. 

17.37 

0.600 

0.0 

CRUISE 

30000. 

0.650 

476637. 

111412. 149091. 

5071. 

5300. 

623.6 

669.3 

0. 

>315101. 

0. 

19.00 

0.600 

0.0 

DESCENT 

42000. 

0.650 

343225. 

353. 149447. 

55. 

5355. 

7.0 

676.3 

0. 

312301. 

0. 

14.62 

>0.305 

0.0 

OECCL 

10000. 

0.636 

342672. 

67. 149514. 

6. 

5361. 

1.0 

677.3 

0. 

312301. 

0. 

15.91 

>0.316 

0.0 

DESCENT 

10000. 

0.456 

342604. 

375. 149666. 

22. 

5363. 

4.9 

662.1 

6. 

312301. 

0. 

16.27 

-0.493 

0.0 

CRUISE 

42000. 

0.650 

342430. 

2654. 152543. 

117. 

5500. 

14.4 

696.6 

0. 

>315101. 

0. 

16.59 

0.603 

0.0 

LOITER 

1500. 

0.335 

339775. 

1064. 153607. 

0. 

5500. 

6.0 

702.6 

6. 

>315101. 

0. 

16.63 

0.591 

0.0 

RESET 

0. 

0.0 

336711. 

0. 153607. 

>5500. 

0. 

0.0 

702.6 

0. 

0. 

0. 

0.0 

0.0 

0.0 

RESET 

0. 

0.0 

336711. 

0. 153607. 

0. 

0. 

0.0 

702.6 

0. 

6. 

0. 

0.0 

0.0 

0.0 

CCUISE 

42000. 

0.650 

330711. 

12731. 166310. 

0. 

0. 

70.3 

772.9 

0. 

-3X5101. 

0. 

16.46 

0.604 

0.0 

TAKEOFF 
ROWER 1 

0. 

0.0 

325960. 

0. 166336. 

0. 

0. 

0.0 

772.9 

0. 

315501. 

0. 

0.6 

0.766 

0.0 

POUER 2 

0. 

0.0 

325960. 

666. 167026. 

0. 

0. 

1.0 

773.9 

0. 

315401. 

0. 

0.6 

0.304 

0.0 

CLIMB 

0. 

0.376 

325292. 

1357. 166362. 

10. 

10. 

2.3 

776.2 

0. 

315^01. 

0. 

17.61 

0.474 

0.0 

ACCEL 

10000. 

0.456 

323935. 

201. 166563. 

2. 

12. 

6.4 

776.6 

0. 

315201. 

0. 

16.56 

0.507 

0.0 

— CLIMB 

10000. 

0.547 

323735. 

2667. 171470. 

44. 

56. 

6.6 

761.1 

0. 

315201. 

0. 

15.65 

0.554 

0.0 

CRUISE 

30000. 

0.700 

320646. 

1126. 172594. 

44. 

100. 

6.4 

769.5 

0. 

>315101. 

0. 

17.53 

0.576 

0.0 

DESCENT 

30000. 

0.700 

319722. 

203. 172679. 

36. 

136. 

5.4 

794.9 

0. 

. 312301. 

0. 

15.49 

>0.262 

0.0 

OECEL 

10000. 

0.547 

319436. 

35. 172914. 

3. 

136. 

0.5 

795.4 

0. 

312301. 

0. 

16.54 

-0.352 


— DESCENT 

10000. 

0.456 

319404. 

294. 173206. 

16. 

156. 

4.0 

799.4 

0. 

312301. 

0. 

17.79 

-0.476 

0.0 

CRUISE 

30000. 

0.700 

319109. 

1115. 174323. 

44. 

too. 

4.4 

605.6 

0. 

-315101. 

0. 

17.49 

0.576 

0.0 

LOITER 

1S00. 

0.321 

317994. 

S023. 179346. 

0. 

200. 

30.0 

635.6 

0. 

-315101. 

0. 

16.74 

0.597 

0.0 

CRUISE 

1500. 

0.376 

312971. 

366. 179712. 


200 

2.0 

637.6 

0. 

>315101. 

0. 

17.97 

0.630 

0.0 


HTO * *92316.3 FUEL A*I79696.1 FUEL R*179711.6 
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SUMMARY 10 NO. 1 AS 

AIRCRAFT MODEL — CL1317-4-1 
1 . 0 . C . DATE — 19^5 

DESIGN SPEEO --SUBSONIC 


SET PARAMETRIC ANALYS 

ENGINE I.D. — 315000 
SLS SCALE 1.0 = 33000 

NUMBER OF ENGINES = 4. 


I s JUNE 01 1979 

WING QUARTER CHORD SWEEP = 30,00 DEG 
WING TAPER RATIO = 0.300 


1 

M/S 

130.0 

0.< 

2 

T/W 

0.297 

0.0 

3 

AR 

9.00 

0.0 

4 

T/C 

10.00 

0.0 

5 

SWEEP 

30.00 

0.0 

6 

FPR 

0.0 

0.0 

7 

OPR 

0.0 

0.0 

8 

TIT 

0. 

0 

9 

NPR 

0.0 

0.0 

10 

AUG T 

0. 

0 

11 

RADIUS N. MI 

5500 



0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 

0, 0. 0. 0. 0. 

0.0 0.0 0.0 0.0 0.0 

0. 0. 0. 0. 0. 

ooooo 


0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 

0 . 0 . 0 . 0 . 

0.0 0.0 0.0 0.0 

0. 0. 0. o. 

oooo 


0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 

0.0 0 . 0 , 0.0 0.0 0.0 

0.0 0 . 0 * 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 

0.0 ' 0.0 0.0 0.0 0.0 

0 . 0 . 0 . 0 . 0 . 

0.0 0.0 0.0 0.0 0.0 

a. o. o. o. o. 

ooooo 


12 GROSS WEIGHT 492318 00000 

13 FUEL WEIGHT 179698 0 0 0 0 0 

14 OP. WT. EMPTY 224620 00000 

15 ZERO FUEL WT. 312620 OOOOO 

16 THRUST/ENGINE 36555 00000 

17 ENGINE SCALE 1.108 0.0 0.0 0.0 0.0 0.0 

13 UING AREA 3787. 0. 0. 0. 0. 0. 

19 WING SPAN 184.6 0.0 0.0 0.0 0.0 0.0 

CO H. TAIL AREA 728.5 0.0 0.0 0.0 0.0 0.0 

21 V. TAIL AREA 340.9 0.0 0.0 0.0 0.0 0.0 

22 ENG. LENGTH 10.26 0.0 0.0 0.0 0.0 0.0 

23 ENG. DIAMETER 7.01 0.0 0.0 0.0 0.0 0.0 

24 BODY LENGTH 197.0 0.0 0.0 0.0 0.0 0.0 

25 WING FUEL LIMIT 1.253 0.0 0.0 0.0 0.0 0.0 

COST DATA 

26 ROTE - BIL. 2.380 0.0 0.0 0.0 0.0 0.0 

27 FLYAWAY - MIL. 42.34 0.0 0.0 0.0 0.0 0.0 

23 INVESTMNT-BIL. 0.976 0.0 0.0 0.0 0.0 0.0 

29 OOC - C/SM 1.611 0.0 0.0 0.0 0.0 0.0 

30 IOC - C/SM 1.293 0.0 0.0 0.0 0.0 0.0 

31 ROI A.T. - 0/0 21.64 0.0 0.0 0.0 0.0 0.0 

MISSION PARAMETERS 

32 MXSN Vl(l.l) 38000 OOOOO 

33 MISN V2* 1*1) 153607 OOOOO 

CONSTRAINT OUTPUT 

34 TAKEOFF OST(l) 10482 OOOOO 

35 CLIMB GRAO(l) 0.0846 0.0 0.0 0.0 0.0 0.0 

36 TAKEOFF 05T(2) 9352 OOOOO 

37 CLIMB GRAD( 2 ) 0.0366 0.0 0.0 0.0 0.0 0.0 

- 33 CTOL LNOG Oil) 5356 OOOOO 

39 AP SPEED-KT(l) 129.9 0.0 0.0 0.0 0.0 0.0 

40 SEP* 1) - FPS 10 0 0 0 0 0 

41 SEP* 2) - FPS $ 0 0 0 0 0 


00000000 0 
000000000 
000000000 
ooooooooo 
000000 0 . oo 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 

0,0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
o.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

O.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

o.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

o.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

o.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

o.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

o.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

O.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

O.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

O.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

OOOOOOOOO 

o 0 0 0 0 0 0 0 0 

o 0 0 0 0 0 0 0 0 

o.o 0.0 0.0 0.0 0.0 0.0 0.0 0,0 0.0 

OOOOOOOOO 

O.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

OOOOOOOOO 

O.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

OOOOOOOOO 

OOOOOOOOO 


0 

0 

0 

0 

0 

0.0 

0 . 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 

0 

0 

0.0 

0 

0.0 

0 

0.0 

0 

0 
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